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Abstract 

Nanoporous membranes find many potential applications in biotechnology such as 

biomolecule separation, sample preparation for diagnostics, protein separation and 

purification and have therefore attracted the interest of many research groups. “Smart” 

sieving membranes are of special interest because of their double specificity allowing 

the size-based separation and the controlled release of molecules.  

In this thesis work, efforts have been made to develop a robust and reliable process for 

the fabrication of ultrathin nanoporous silicon nitride membranes (NSiMs) at wafer-

scale combining block copolymer lithography and standard microfabrication 

techniques. 200 nm thick nanoporous membranes with a mean pore size of 85 nm in 

diameter, nanopore density of 2.8x109 nanopores/cm2 and nanoporous areas ranging 

from 0.5 x 0.5 mm2 up to 2.5 x 2.5 mm2 were successfully fabricated. The final NSiMs 

were characterized in terms of pore opening and pore morphology using different 

techniques such as Atomic Force Microscopy (AFM), Scanning Electron Microscopy 

(SEM) and Transmission Electron Microscopy (TEM). The mechanical strength of the 

overall suspended nanoporous structure has also been evaluated using the bulge test 

method and 1 mm2 NSiMs were able to withstand pressures as high as 700 mbar; 

demonstrating their potential ability to be integrated into pressure driven microfluidic 

devices.  

A method for reducing the mean pore size of the NSiMs has been developed using 

Atomic Layer Deposition (ALD) technology. This approach allowed the fine tuning of the 

mean nanopore diameter from 85 nm down to 10 nm, modifying both the transport 

properties and the selectivity of NSiMs. Molecular transport experiments were 

conducted by integrating NSiMs into a specifically designed diffusion cell. The diffusion 

coefficient of fluorescein molecules across NSiMs with a mean pore diameter of 10 nm 

was found to be reduced by one order of magnitude compared to NSiMs with a mean 
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Abstract 

pore diameter of 85 nm. Size-based separation experiments using FITC-Dextran 

molecules of different molecular weights were also conducted and a minimum cut-off 

value of 10 nm (diameter of the molecule) has been reached after pore size reduction.  

Finally a thermo-responsive polymer, Poly(N-isopropylacrylamide) (PNIPAM) has been 

successfully grafted onto NSiMs. The grafting-to in melt approach allowed producing 

dense PNIPAM brush layers which configuration change upon temperature variation 

can be used for the pore opening and closing. Promising preliminary results 

demonstrated the ability of the PNIPAM functionalized NSiMs to act as “smart nano-

valves” for the controlled diffusion of molecules. The ON-OFF behaviour of the PNIPAM 

functionalized NSiMs has been observed for the diffusion of molecules with a 

hydrodynamic radius superior to 3 nm. 

Keywords: Nanoporous silicon nitride membrane, block copolymer lithography, 

poly(N-isopropylacrylamide), melt grafting, thermo-responsive nano-valve. 
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Résumé 

Les membranes nanoporeuses sont utilisées dans le domaine de la biotechnologie et ce 

pour des applications comme la séparation de biomolécules, la préparation 

d’échantillons pour le diagnostic, la séparation de protéines, la purification et ont donc 

attiré l’intérêt de beaucoup de groupes de recherche. Les membranes de filtration dites 

« intelligentes » suscitent un intérêt tout particulier grâce à leur double spécificité 

permettant la séparation de molécules en fonction de leur taille et la distribution 

contrôlée de ces molécules. 

Dans ce travail de thèse, des efforts particuliers ont été faits pour développer un 

procédé robuste et fiable pour la fabrication de membranes nanoporeuses ultrafines en 

nitrure de silicium (NSiMs) à l’échelle du wafer. Ce procédé combine la lithographie 

assistée par bloc copolymères et des techniques de micro-fabrication standards. Des 

membranes nanoporeuses d’une épaisseur de 200 nm, présentant une taille de pore 

moyenne de 85 nm, une densité de nanopores de 2.8x109 nanopores/cm2 avec des aires 

nanoporeuses allant de 0.5 x 0.5 mm2 jusqu’à 2.5 x 2.5 mm2 ont été fabriquées avec 

succès. L’ouverture totale des pores et la morphologie des NSiMs fabriquées ont été 

caractérisées en utilisant différentes techniques comme la microscopie à force 

atomique, la microscopie électronique à balayage et la microscopie électronique en 

trasnmission. La tenue mécanique de la structure nanoporeuse suspendue a été évaluée 

en utilisant la méthode de test par gonflement (bulge test). Avec ce test nous avons pu 

observer que les NSiMs de 1 mm2 étaient capables de résister à des pressions jusqu’à 

700 mbar, ceci démontrant la possibilité d’intégrer ces NSiMs dans des systèmes 

microfluidiques fonctionnant sous pression. 

Une méthode pour réduire la taille de pore moyenne a été développée en utilisant la 

technologie de déposition par couche atomique. Cette approche a permis d’ajuster la 

taille moyenne des pores de 85 nm à 10 nm, modifiant les propriétés de transport des 
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molécules et la sélectivité des NSiMs. Des expériences de transport moléculaire ont été 

menées en intégrant les NSiMs dans une cellule de diffusion spécifiquement conçue 

pour cet effet. Le coefficient de diffusion des molécules de fluorescéine au travers de 

NSiMs avec une taille de pore moyenne de 10 nm a été mesuré et se trouve être réduit 

d’un ordre de grandeur comparé à celui mesuré avec des NSiMs ayant une taille de pore 

moyenne de 85 nm. Des expériences de séparation de molécules en fonction de leur 

taille ont été menées en utilisant des Dextrans fluorescents de différents poids 

moléculaire. Une valeur limite de transport des molécules a été observée pour des 

molécules ayant un diamètre hydrodynamique de 10 nm lorsque des NSiMs avec une 

taille de pore minimum (après réduction de taille de pore) ont été utilisées. 

Enfin, un polymère thermo responsif, le poly(N-isopropylacrylamide) (PNIPAM) a été 

greffé avec succès de manière covalente sur les NSiMs. L’approche du greffage sous 

fusion a permis de produire des brosses de PNIPAM denses observant un changement 

de conformation en fonction de la température. Ces brosses de PNIPAM greffées sur les 

NSiMs peuvent être utilisées pour fermer ou ouvrir physiquement les nanopores. Des 

résultats préliminaires prometteurs ont démontré la possibilité d’utiliser les NSiMs 

modifiées avec du PNIPAM comme des « nano-valves intelligentes » pour la diffusion 

contrôlée de molécules. Le comportement ON-OFF des NSiMs modifiées avec du 

PNIPAM a été observé pour la diffusion de molécules ayant un rayon hydrodynamique 

supérieur à 3 nm. 

Mots-clés : Membrane nanoporeuse en nitrure de silicium, lithographie assistée par 

bloc copolymère, poly(N-isopropylacrylamide), greffage sous fusion, nano-valve 

thermoresponsive. 
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Chapter 1 - Introduction 

Chapter 1  

Introduction 

1.1. Suspended thin nanoporous membranes in biotechnology 

A porous membrane is the interphase between two adjacent phases acting as a selective 

barrier, regulating the transport of substances between two compartments [1]. In 

general, porous materials are referred as nanoporous when the mean pore size is 

comprised between 1 and 100 nm [2]. Over the past half-century, with the emergence of 

new manufacturing techniques able to produce features down to the nanometer scale, 

manufacturing new synthetic thin nanoporous membranes have attracted interest of 

many research groups. Indeed, nanoporous membranes find numerous applications in 

biotechnology such as biomolecule and protein separation, sensing, sample preparation, 

sample purification and drug delivery [3,4]. Adiga et al. have used nanoporous 

membranes to control the diffusion kinetics of therapeutic agents [5]. Nanoporous 

membranes have also been used for the filtration of several molecules such as the 

rhinovirus 14 [6], bovine serum albumin, lysosome and myoglobin with controlled 

selectivity by modifying the electric potential applied to the conductive membrane [7]. 

Cell growth experiments with drug delivery through the nanoporous membranes to 

control the biochemical environment were demonstrated [8]. Long et al. integrated 

polycarbonate track etch nanoporous membranes in a microfluidic chip for sample 

preparation (pre-concentration of produced DNA from a PCR mixture) with 

electrophoretic separation [9]. 

Several key characteristics of nanoporous membranes such as the molecular cut-off, the 

selectivity, the throughput (high flux), chemical and mechanical stability are affecting 

the performance depending on the targeted application (Figure 1.1). In the case of size-

based filtration, the mean diameter of the nanopores and their size distribution is 

important to reach precise control over molecular transport. In addition, a minimum 

thickness and a high porosity will enable high flux with low flow resistance across the 
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membrane. But decreasing the thickness will also decrease the mechanical strength of 

the suspended nanoporous membrane. Therefore, a compromise should be found 

between flow rate and mechanical strength depending on the device integrating the 

nanoporous membrane (pressure driven or free diffusion). Some applications 

integrating devices in harsh environment would consider critical the mechanical, 

chemical and thermal stability [10,11] while others would give priority to the surface 

chemistry. Typically, biomedical applications consider critical the biocompatibility of 

membranes as well as minimum fouling [4]. Specific molecular characteristics in drug 

delivery, protein separation and purification, can lead to high selectivity of the 

nanoporous materials [12–14]. Indeed, biomolecules can interact in diverse ways 

depending on the type of nanofilter used, leading to unique molecular separation and 

filtration methods [15]. 

The flexible and careful design of such sieving systems can lead to novel membrane 

functions. In order to transfer a synthetic nanoporous membrane technology to 

industrial fabrication, precise control over device performance and scalability for 

economical production are required. 

 
Figure 1.1 Diagram of key membrane characteristics that affect performance. (Adapted from [4]) 

Nanoporous membranes can be classified into three main categories, organic polymeric 

membranes, Anodic Aluminum Oxide (AAO) membranes, and silicon-based membranes. 

Polymeric nanoporous membranes and AAO membranes are two types of nanoporous 

membranes commercially available and widely used in laboratory experiments. A brief 

state of the art regarding these three main types of nanoporous membranes will be 
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discussed in the next sections with a focus on the fabrication methods, the type of pores 

(order, shape and size) and their chemical and mechanical stability. 

1.1.1 Organic polymeric membranes 

Polymeric track etch membranes 

Nanoporous polymeric materials have extensively been used in gas separation, reverse 

osmosis, ultrafiltration catalysis and lab-on-chip technologies [1]. The ion track etching 

(ITE) technique is by far the most employed technique to create nanopores in polymeric 

films such as polyethylene terephthalate (PET), polycarbonate (PC) and polyimide (PI) 

[16–19]. Most of the commercially available polymeric nanoporous membranes are 

fabricated using the ITE method. The ion track etching technique has been reported in 

the early 1960’s by Fleischer et al. [20], this technique consists in irradiating the 

polymeric sheets with heavy ions or alpha particles in order to damage the material and 

create “latent-tracks”. The polymeric sheets are submitted to a subsequent appropriate 

chemical etching depending on the material. Pore formation occurs along the damaged 

areas, with a pore geometry that can be conical or cylindrical depending on the ratio of 

the etching rates of the bulk over the tracks [21]. The track core diameter defines the 

future diameter of the pore during etching and can be controlled with the etching time 

[22]. Nanopore diameters ranging from 10 nm to 10 µm can be obtained with a pore 

density in the order of 108 pores/cm2 and a film thickness ranging from 3 to 11 µm 

[3,16,21]. Nanoporous track-etched membranes exhibit in general a fair chemical and 

mechanical stability, whereas they present a good biocompatibility; the manufacturing 

is highly upscalable allowing low-cost production. 

 
Figure 1.2 Examples of porous structures obtained with the ion track etching techniques. SEM cross 

section of a) PCTE membrane with cylindrical non parallel pore channels, b) PCTE membrane with 

slightly conical (tapered towards the center) parallel pores. (Adapted from [22]) 
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Block copolymer self-assembled membranes 

In the last few years, efforts have been made to develop a new class of organic 

polymeric membranes the so-called “self-assembled” nanoporous membranes. 

Improved knowledge about the self-assembly of block-copolymer allowed 

demonstrating their ability to phase separate on the nanoscale into various types of 

architectures (spheres, cylinders, gyroid, lamellae) depending on the relative length of 

the blocks, each having different intrinsic properties (e.g. polarity) [23]. Peinemann et 

al. reported the fabrication of 90 µm thick nanoporous membrane with the phase-

inversion of amphiphilic poly(styrene-block-4-vinylpyridine) (PS-b-P4VP). The 

resulting non-ordered porous structure typical of the phase-inversion was covered by a 

200 nm thick layer exhibiting well-ordered cylindrical pores perpendicular to the film 

surface with a mean diameter of 40 nm (Figure 1.3). This asymmetric morphology is a 

direct consequence of the combination of non-solvent-induce phase separation and the 

self-assembly of block copolymers [24]. Yin et al. produced 600 nm thick PS-b-P2VP 

films presenting cylindrical nanopores with mean pore diameter of 40 nm by annealing 

in a neutral solvent and subsequent immersion of the films in a selective solvent [25]. 

Dorin et al. reported the fabrication of 30-60 µm thick nanoporous membranes with a 

mean pore diameter of 7 nm and pore density as high as 1015 pores/cm2. This type of 

membrane were fabricated using the self-assembly and non-solvent induced phase 

separation technique with triblock terpolymers [26]. 

 
Figure 1.3 SEM images of a) the surface of an asymmetric PS-b-P4VP diblock copolymer film and b) its 

cross-sectional morphology. The scale bars correspond to 500 nm. (Adapted from [24]) 

Although self-assembled membrane systems present low-cost preparations, structural 

self-regulation and tunable properties, ultra-thin membranes with uniform pore in the 
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size range of few nanometers is still difficult to achieve, and both the chemical and 

mechanical stability of these membranes remain fair. The upscalability of this 

fabrication method still remains a challenge. 

1.1.2 Anodic Aluminum Oxide (AAO) membranes 

Anodic Aluminium Oxide (AAO) nanoporous membranes have been fabricated, 

commercialized and widely used in various domains such as the selective transport of 

small molecules, energy charge transport, gas adsorption or ion exchange [3,4,14]. The 

fabrication of AAO is based on the electrochemical anodization with the self-ordering 

process of nanopores, producing densely packed hexagonal array and size controlled 

nanopores. The anodization process is performed by applying an electric potential on an 

aluminium substrate  in a sulphuric, phosphoric, chromic or oxalic solution [27–29]. 

 In AAO membranes, several parameters can be precisely tuned such as the pore 

diameter in the range of 10-400 nm which highly depends on the type of electrolyte and 

the anode voltage used [30], the interpore distance from 50 to 600 nm, the pore aspect 

ratio from 10 to 5000, the thickness of the porous layer can vary from 10 nm up to 150 

µm, the pore density from 109 to 1011 pores/cm2 and the porosity from 5 to 50 % [31–

33]. It has been demonstrated that several parameters can affect the anodization 

conditions such as the applied potential [34,35], the current [36,37], the pH and 

electrolyte type [38,39], the temperature [40] and the pre-patterning of the surface 

[41,42]. All these parameters can be modified in order to improve the control over the 

self-ordering mechanism and obtain ordered AAO pore structure with tunable 

parameters such as the pore diameter and the interpore spacing. 
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Figure 1.4 SEM micrographs of different AAO nanoprous structures. The arrangements of pores are 

shown in the upper SEM micrographs and the corresponding cross-sectional view below. (Adapted from 

[43]) 

A critical step in the fabrication of AAO suspended nanoporous membranes is the 

release of the porous layer in order to obtain a free standing structure. Several 

techniques have been developed to release the structures such as the chemical 

dissolution. This latter consists in partial anodization of the aluminium layer and 

subsequent chemical etching of the residual Al substrate [44,45]. AAO nanoporous films 

have also been processed onto silicon chips and the full release of the structure 

obtained via KOH etching through backside apertures defined by photolithography. In 

some cases sacrificial and supporting layers can be used to protect the structure to be 

released. Wu et al. used silicon nitride as a supporting layer to protect a nanoporous 

hetero structure made of AAO/a-Si during the KOH release, the supporting layer is then 

removed by selective etching [46]. 

The major disadvantage of AAO free standing nanoporous membranes is that alumina is 

a brittle material, and when attempting to increase the throughput of the membrane by 

decreasing its thickness the mechanical stability of these structures is highly impaired. 

On the other hand, manufacturing AAO nanoporous membranes remains low cost, they 

can present a wide variety of pore structures (size, interpore distance, thickness) and a 

good chemical stability and biocompatibility. 
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1.1.3 Silicon-based membranes 

With the emergence of new micro and nanofabrication manufacturing technologies 

(especially for the microelectronic industry), producing nanoporous membranes in 

MEMS compatible substrates (silicon, silicon dioxide, silicon nitride) has attracted the 

interest of many research groups not only because these techniques allow the 

fabrication of ordered cylindrical nanopores, but also because these materials present 

an excellent mechanical stability, allowing the fabrication of ultrathin nanoporous 

membrane (below 100 nm) for high throughput systems. Additionally, the nature of the 

material make this type of membrane an excellent candidate for easy surface 

functionalization, or direct integration into MEMS and lab-on-chip devices aiming at 

molecule separation and sensing applications. 

The flexibility in the porous structure design (ordering of the nanopores and nanopore 

density) achievable with the MEMS manufacturing technologies make silicon-based 

nanoporous membranes more attractive than polymeric-based membranes. In addition, 

the excellent mechanical strength of silicon-based nanoporous materials offer a good 

alternative to the brittle nanoporous alumina described earlier if integration in pressure 

driven devices is envisaged. 

However the fabrication of silicon-based nanoporous membrane is in general expensive. 

Efforts are going towards increasing the fabrication yield and developing inexpensive 

large-scale patterning techniques of an intermediate material (typically photoresist or 

metallic hard mask) used as a photolithographic mask for subsequent dry etching in the 

underlying silicon-based material to create the nanopores. Membranes openings for the 

full release of the nanoporous structure are generally obtained by patterning the silicon 

support (typically 4, 6 or 8 inches wafer) with standard photolithography and 

subsequent wet or dry etch through the whole wafer. In some cases an etch stop and a 

protective layers are necessary in order not to damage the active nanoporous areas 

during the release process.  
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Direct writing with Electron Beam Lithography (EBL) and Focused 

Ion Beam (FIB) 

For the fabrication of silicon-based nanoporous membranes, some techniques allow the  

“direct writing” of nanopores into the substrate. For instance, the fabrication of 

nanopores with a diameter of 25 nm in a 10 nm thick silicon nitride layer using Focus 

Ion Beam (FIB) has been reported [47]. Electron Beam Lithography (EBL) has also been 

used to create nanopores down to 2 nm in diameter in 40 nm thick silicon oxide layer 

[48,49]. However these two direct writing techniques are expensive, time consuming 

and large-scale manufacturing cannot be considered even if good uniformity, 

reproducibility and small pore dimensions can be achieved. Another technique that can 

be considered as almost direct is the ion track etching (ITE) technique. Indeed this 

technique described earlier can also be applied to silicon-based materials. Vlassiouk et 

al. reported the fabrication of ITE Si3N4 nanoporous membranes by irradiating Si3N4 

with heavy ions and subsequent wet etching in H3PO4 to create nanopores along the 

damaged tracks [50]. 200 nm thick suspended silicon nitride membranes with conical 

or double conical nanopores with a maximum inlet and outlet diameters of 60 nm and 

10 nm, respectively, were fabricated. The nanopore mean diameter can be controlled 

with the duration of the wet etching process. The main disadvantage of this technique is 

that there is no ordering of the nanopores due to the randomness of the impact position 

of the heavy ions onto the surface that can sometimes lead to the fusion of several 

nanopores creating larger undesired apertures. In addition, the nanopore density 

achievable with this fabrication technique remains low (~108 nanopores / cm2). 

 
Figure 1.5 Top view SEM micrographs of nanopores in silicon nitride obtained by a) FIB and b) ITE. 

(Adapted from [47,50]) 

18 
 



Chapter 1 - Introduction 

Thermal annealing of amorphous silicon 

Striemer et al. reported the fabrication of nanoporous membranes resulting from a 

thermal annealing on a thin layer (15 nm) of amorphous silicon [51]. The pore diameter 

can be adjusted between 9 and 35 nm depending on the thermal annealing temperature 

(Figure 1.6). However, this method does not allow a control over the number of pores 

and the size distribution. These membranes are commercialized by SIMPore for 

Electron Microscopy, separation and purification, cell culture, lab-on-a-chip 

applications. The demonstrated mechanical strength of these ultrathin membranes 

should allow the construction of large-scale dialysis systems, and facilitate their use in 

pressurized filtration devices at the macro and microscale. 

 
Figure 1.6 TEM images of a 15 nm thick pnc-Si nanoporous membrane obtained after thermal annealing 

at a) 729°C and b) 753°C. In these bright field pictures nanopores appear as bright spots. (Adapted from 

[51]) 

Laser Interference Lithography (LIL) 

During the past decade, Laser Interference Lithography (LIL) has been widely used to 

produce highly uniform micron as well as sub-micron features over large areas and this 

in an inexpensive way. This process is based on interference of two or more laser beams 

on a surface generally composed of an anti-reflection coating and photoresist. The 

periodic pattern generated into the photoresist is as small as half the wavelength of the 

laser. The patterned photoresist is then used as template to create a nanolithographic 
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mask by deposition of a “hard” material and lift-off of the patterned photoresist (Figure 

1.7). This hard mask is then used for subsequent pattern transfer into the underlying 

silicon-based layer by dry etching. This technique is suitable for the fabrication of 

nanoporous membranes with perfect order and size distribution [52–54]. Recently, Ileri 

et al. have reported the fabrication of 340 nm thick suspended silicon nitride layer with 

nanopores ranging from 50 to 400 nm in diameter depending on the laser exposure 

conditions [55]. LIL has the potential to produce nanoporous membranes with high 

precision and at large scale; however some efforts should be made regarding the 

complexity of the process to align/re-align the lasers for successive exposure and the 

price of the instruments in order to adapt this technique for industrial production of 

nanoporous membranes. 

 
Figure 1.7 Top view SEM micrographs of a) initial pattern created in photoresist after lasers alignment 

and exposure, b) intermediate nanoporous chromium mask created by deposition of 75 nm of Cr and lift 

off of the patterned photoresist. (Adapted from [55]) 

Anodic Aluminum Oxide Lithography (AAOL) 

As for laser interference lithography, other techniques use an intermediate nanoporous 

hard mask to transfer the nanopattern in the silicon-based material via dry etching. AAO 

nanoporous layer used as nanolithographic mask for subsequent etching into silicon has 

been reported in the early 2000’s [56]. Wolfrum et al. reported the fabrication of 130 

nm thick suspended nanoporous silicon nitride layer with different pore size and pore 
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density using a AAO nanoporous template [8]. The final nanoporous structure was 

obtained by depositing directly 500 nm of aluminum onto the silicon nitride and 

processing it to the anodization step. The different pore sizes and densities obtained 

reside in one critical step which is the thinning of the AAO template to enhance the 

effectiveness of the subsequent pattern transfer in silicon nitride using dry etching. 

Indeed, depending on the etching time of the thinning step, the AAO nanoporous pattern 

can either be completely or partially transferred (Figure 1.8). Porosities ranging from 

0.2% up to 44% were thus achieved. However, the etching selectivity of alumina over 

silicon nitride is not high enough because both are usually used as “hard” etching mask. 

On the other hand, the selectivity of alumina over silicon has been demonstrated to be 

remarkably high in cryogenic conditions (1:70000) [57]. Wu et al. have used a thin AAO 

nanoporous template for pattern transfer by RIE into amorphous silicon for the 

fabrication of hetero-structured Al2O3/SiO2 membranes used as nanofluidic diodes [46]. 

 
Figure 1.8 SEM micrographs of suspended silicon nitride nanoporous membranes with a) low porosity 

(~0.2%) and b) high porosity (~44%) obtained by changing the thinning conditions of the starting 

nanoporous AAO template before pattern transfer by RIE. (Adapted from [8]) 

NanoImprint Lithography (NIL) 

Recently, Nano-Imprint Lithography (NIL) has been demonstrated to be a large scale, 

low-cost and high throughput technique to produce namometer scale apertures in an 

intermediate layer (typically resist) using a previously nanopatterned mold. The 

patterned resist is then used as a nanolithographic mask for subsequent RIE in silicon-

based substrates for the fabrication of nanoporous layers and suspended membranes 

[58,59]. In some cases, the imprinted resist layer is not suitable for pattern transfer by 

RIE because it is not enough mechanically robust to endure the harsh etching 
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environment, and therefore could create distortion when transferring the original 

pattern in the underlying layer. To overcome this issue, thin nanoporous metallic hard 

mask can be produced via a two steps lift-off process using the nano-imprinted resist 

layer as starting template [60,61]. However, this latter is adding extra fabrication steps 

increasing the overall complexity of the process flow for the fabrication of nanoporous 

membranes. Recently, Nabar et al. reported the fabrication of 1 µm silicon nitride 

nanoporous layer with a mean pore diameter of 385 nm using NIL (Figure 1.9) [61]. 

These nanoporous membranes were meant to be used as gas exchange interfaces in 

blood oxygenation systems. Smaller feature size (100 nm) can be achieved using silicon 

NIL stamps (mold) as demonstrated recently by Villanueva et al. [62]. Fabricating 

durable NIL molds using high resolution lithography techniques is of particular concern 

to apply NIL for the low-cost production of suspended nanoporous membranes in 

silicon-based materials. Nano-Stencil Lithography (nSL) has been demonstrated to be a 

very promising technique for direct nanopatterning of surfaces, and especially the low-

cost fabrication of NIL molds [62,63]. nSL is generally based on the use of a previously 

nano-patterned thin nanoporous membrane as a nanolithographic mask (stencil) for 

metal deposition or direct dry etching of the underlying substrate through the defined 

apertures of the stencil. However, EBL is used for the fabrication of the stencil, which 

remains a time consuming and expensive technique. 

 
Figure 1.9 SEM micrographs of a) the nano-imprinted resist and b) the final silicon nitride nanoporous 

layer obtained by RIE through a Al2O3 nanoporous mask (obtained with a two-steps lift-off from the 

patterned resist). (Adapted from [61]) 
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Block CoPolymer Lithography (BCPL) 

Silicon-based nanoporous membranes have also been fabricated using an intermediate 

nanolithographic mask produced from the self-assembly of diblock copolymers, this 

technique is called Block Copolymer Lithography (BCPL). Indeed, as already mentioned 

previously, diblock copolymer may self-assemble into various architectures (spheres, 

cylinders, gyroid, lamellae) depending on the relative length of the blocks when 

dissolved in a good solvent for one of the two blocks [64]. Black et al. reported the 

fabrication of a 100 nm thick nanoporous silicon membrane with a mean pore diameter 

of 20 nm and a pore density as high as 1011 pores/cm2 (Figure 1.10) by combining the 

self-assembly of polystyrene-b-polymethylmethacrylate (PS-b-PMMA) copolymer and 

standard microfabrication techniques [65]. The PS-b-PMMA thin film deposited onto 

silicon phase separate into closed pack cylindrical PMMA domains embedded in a PS 

matrix when annealed at high temperature. In this case a pre-treatment of the surface is 

necessary in order to promote the vertical orientation of the cylindrical PMMA domains. 

The PMMA is then removed by UV curing and dissolution into acetic acid. The 

nanoporous PS template is then transferred into the underlying silicon substrate. The 

mean pore size can be tailored by adjusting the polymer molecular weight adding 

flexibility to the design of the porous structure for the fabrication of membranes. 

 
Figure 1.10 SEM micrographs of a) the nanoporous PS thin film (top view) and b) the 100 nm thick 

suspended nanoporous silicon membrane (cross sectional view), the scale bar is 100 nm. (Adapted from 

[66]) 

Krishnamoorthy et al. used polystyrene-b-poly(2-vinylpyridine) copolymer (PS-b-P2VP) 

reverse micelles as a starting nanoporous template for the fabrication of silicon 

nanoporous layers. A 2D monolayer of PS-b-P2VP reverse micelles is spin coated onto a 

silicon substrate, the micelles array can be inverted from nanobumps to nanoholes by 
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liquid phase exposure to methanol [67,68] leaving a nanoporous polymeric layer that 

can be used for pattern transfer into the underlying silicon substrate. Popa et al. 

demonstrated the fabrication of 100 nm thick nanoporous silicon nitride membranes 

with a mean pore diameter of 85 nm and a pore density of 3x109 pores/cm2 (30 

pores/µm2) using a monolayer of reverse PS-b-P2VP micelles as starting template 

[69,70] (Figure 1.11). A thin chromium layer evaporated onto the micelles followed by a 

lift-off step of the micelles allowed creating a metallic nanoporous hard mask. The 

nanoporous Cr layer was then used to create nanopores in silicon nitride using RIE. The 

mean nanopore diameter is defined by the mean diameter of the deposited micelles. 

This fabrication process has been demonstrated to be compatible for the 

nanopatterning of 4 inches wafer. However, several issues were encountered by Popa et 

al. and some efforts can still be made regarding the homogeneous deposition of micelles 

at wafer scale, the lift-off procedure, the dry etching of the nanopores and the release of 

the final structure. Depending on the molecular weight of the blocks, the diameter of 

diblock copolymer micelles can range from 10 nm up to 200 nm. This latter is adding 

flexibility to the design of the porous structure. In addition, it has been demonstrated 

that the pore density can be adjusted with the micellar solution concentration and the 

inter-micelle distance with the spin-coating speed [67]. The ability to generate a tunable 

nanopattern at large scale in a fast and low-cost way make BCPL a very promising 

technique for the fabrication of nanoporous membranes. However the size distribution 

and pore ordering of the features produced with BCPL cannot be compared to the high 

precision of EBL, FIB, LIL or NIL. 

 
Figure 1.11 SEM micrographs a) top view and b) tilted view of the 100 nm suspended nanoporous 

silicon nitride membrane with a cross-section made by FIB. (Adapted from [70]) 
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Nanosphere lithography has also been used to fabricate silicon-based nanoporous 

surfaces or membranes [71–73]. This approach is similar to the one employing block 

copolymer micelles. The surface is first patterned by the deposition of nanospheres, 

followed by the evaporation of a metallic layer and a subsequent lift-off of the 

nanospheres. The remaining nanoporous metallic hard mask is subsequently used to 

transfer the pattern by RIE in the underlying silicon-based layer. However, the diameter 

of the nanospheres (polystyrene) described in the work are too large (250 nm) to 

consider the fabrication of membranes with pores sizes down to 10-100 nm. Brieger et 

al. also described a similar process using the self-organization of HAuCl4 loaded inverse 

micelles formed by PS-b-P2VP in toluene. The Au nanoparticles are then used as starting 

template for the fabrication of nanoporous silicon surfaces [74].  
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1.2. Aim of the thesis 

The aim of this thesis work is the fabrication of responsive nanoporous membranes that 

can be used as “smart” nano-vales for the size-based separation and controlled 

transport of molecules. 

Literature shows that several fabrication techniques are now available to produce 

nanoporous membranes made of different materials. However, some of the methods 

described earlier generally offer a limited control over the pore size, size distribution, 

throughput, mechanical stability, chemical stability, upscalability and cost. There is a 

need in finding the best compromise between the key membrane characteristics in 

order to identify a suitable nanoporous membrane fabrication technology able to fulfill 

all the requirements of the targeted applications. 

In this work, the targeted applications are the size-based separation and controlled 

transport of biomolecules. These applications can both be achieved with the double 

specificity of responsive nanoporous membranes. The responsive behavior for the 

controlled transport of molecules can be achieved by grafting polymer chains able to 

operate a morphological change in order to physically close or open the nanopores. The 

nanoporous membranes must provide solutions to several challenges in order to be 

used effectively for the mentioned applications. The mean pore size should be sub-100 

nm. The nanoporous membranes would need to be ultrathin and highly porous in order 

to achieve high throughput (high flux). The mechanical strength of the suspended 

nanoporous structure should be high enough to raise the possibility of integration into 

pressure-driven microfluidic devices. The material of the nanoporous membrane needs 

to be a good base chemistry for easy functionalization with a wide variety of reactive 

groups (grafting of “smart” polymers). The fabrication of nanoporous membranes has to 

be up-scalable in order to reduce the cost per membrane. The design of the membrane 

itself and the supporting structure should be suitable for integration into microfluidic 

devices for evaluation of their molecular transport properties. 

In order to provide answers to the challenges mentioned above, the material and 

fabrication method used to produce nanoporous membranes will be chosen in 

consequence. This latter will be discussed in the following sections. 
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1.3. Choice of material and fabrication method 

Choice of material 

The material characteristics of particular concern for the fabrication of nanoporous 

membranes in biotechnology (e.g. molecular transport, biomolecule separation, sample 

preparation) are reported in Table 1.1. 

Table 1.1 Summary of material characteristics for the fabrication of nanoporous membranes. 

Material 
Chemical 

stability 
Mechanical stability Biocompatibility Cost 

Polymer (PC, PP, 

PI, PE, PS) 
Fair Poor/Fair Fair/Good Low 

Alumina Good Fair/Good Good Medium 

Silicon based (Si, 

SiN, SiO2) 
Good Good/Very good Good Medium/High 

As mentioned earlier, a porous membrane system in biotechnology generally requires 

high throughput, especially in the case of molecular transport. In order to increase the 

throughput the membrane thickness has to be reduced to the lowest possible while 

keeping a good mechanical strength for easy manipulation or integration into pressure-

driven microfluidic devices. Silicon nitride appears to be the ideal material because of 

its excellent mechanical strength compared to the other materials used and described in 

literature for the fabrication of ultrathin suspended nanoporous membrane. Silicon 

nitride also presents an excellent chemical stability. A wide variety of solvent can be 

used during the fabrication process without damaging the layer. In addition silicon 

nitride is a material compatible with the microelectronic manufacturing equipment, 

allowing processing this material in clean room environment. Fabricating nanoporous 

membranes in a dust free environment is extremely important because dust particles 

can be 10 to 100 times larger than the mean pore size targeted. Finally, silicon nitride is 

an interesting base chemistry for easy surface functionalization with a wide variety of 

reactive groups. 
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Choice of fabrication method 

Earlier, several methods used to process silicon-based material combining a 

nanopatterning technique and conventional microfabrication processes for the 

fabrication of nanoporous membrane were reviewed. A summary of the advantages and 

disadvantages of each nanopatterning method is presented in Table 1.2. 

Table 1.2 Summary of advantages and disadvantages of the nanopatterning techniques reviewed for the 

fabrication of silicon-based nanoporous membranes. 

 
Direct writing 

EBL/FIB 
LIL AAOL NIL BCPL 

Process setup and complexity + + + - + + + + + 

Process cost 

(materials, equipment) 
- - - - + + + + + 

Process time - - - - - + + + + + + 

Large scale processing + + + + + + + + + + + + + 

Pore ordering + + + + + + + + + + + + + 

sub-100 nm + + + - + + + + + + + 

Tunability of porous 

structure (size, interpore) 
+ + + + + + + + + + + + 

Pore size distribution + + + + + + + + + + + - 

Block copolymer lithography has been chosen as nanopatterning technique and 

combined to conventional microfabrication processes (e.g. RIE, KOH release) for the 

fabrication of nanoporous silicon nitride membranes. Indeed, this technique fulfills the 

requirements regarding the targeted dimensions for the mean nanopore size (sub-100 

nm) and the tunability of the original nanopattern (density, feature size and interspace). 

In addition it is a very low cost technique in terms of materials and equipment required, 

and it can generate a nanopattern at large scale (4 inches wafer) in a very short time (~ 
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1 min). The detailed process flow and the different fabrication steps will be described 

and discussed in the next chapter. 

1.4. Structure of the thesis 

This thesis work is composed of 6 chapters. 

In the previous sections of this chapter was presented a short review of the different 

types of nanoporous membranes used in biotechnology for applications such as 

biomolecule separation, sensing or sample preparation. The fabrication techniques used 

and the membranes specifications were described and discussed. The material and the 

nanopatterning technique used in this thesis work were chosen by comparing the 

advantages and disadvantages of each technique described and reported in the 

literature. 

Chapter 2 will describe the full fabrication process of silicon nitride nanoporous 

(NSiMs) membranes by combining block copolymer lithography and conventional 

microfabrication techniques. The tunability of the starting micellar template (feature 

size, density) will be demonstrated, and a standard micellar system will be chosen to 

pursue the fabrication. The membrane design (size of the active areas, arrays of 

membrane) will also be discussed and presented. 

Chapter 3 will mostly deal with the characterization of the fabricated NSiMs. Indeed, the 

final control of full pore opening is the main criteria of validation of the membranes 

before using them for the targeted application. Several characterization techniques will 

be presented and compared. Then, the mechanical strength of the suspended 

nanoporous membranes will be characterized by processing the membranes to the 

bulge test. This test allows determining the maximum pressure one membrane can 

withstand, and therefore evaluate the possibility of integration into pressure driven 

microfluidic devices. Finally, the undesired effect of buckling of suspended thin films 

will be discussed. 

In chapter 4 will be discussed the functionalization of NSiMs. First the possibility to tune 

the mean pore size after fabrication using Atomic Layer Deposition will be presented. 

Second, a thermo responsive polymer brush will be covalently grafted onto the NSiMs 

using the grafting to in melt technique which allows the easy and dense grafting of 
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polymer brushes onto a functional surface. Finally, the thermo responsiveness of the 

polymer brush layer will be characterized and demonstrated using several techniques 

such as nanoindentation and atomic force microscopy in liquid environment. 

In chapter 5, non-functionalized and functionalized NSiMs will be integrated into 

specifically designed microfluidic cell in order to evaluate the molecular transport 

properties of each type of membrane. NSiMs with different mean pore size will be used 

in diffusion experiments to demonstrate their ability to be used in size-based separation 

experiments. Finally, the functionalized membranes with thermo-responsive polymer 

brushes will be used in diffusion experiments with molecules of various sizes. The 

ability of these NSiMs to be used as nano-valves for the control diffusion of molecules of 

a certain size will be demonstrated. 

The conclusion chapter will summarize the main achievements of this exploratory 

thesis work. Directions regarding future work or possible device optimization will also 

be discussed.  
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Chapter 2  

Fabrication of Ultrathin Nanoporous Silicon 

Nitride Membranes (NSiMs) by Block-

Copolymer Lithography 

Abstract 

This chapter will describe the fabrication of nanoporous silicon nitride membranes 

combining block copolymer lithography and standard microfabrication techniques. 

First, the generation of a homogeneous nanopattern of PS-P2VP block copolymer micelles 

at wafer scale that will be used as starting template for the batch fabrication of NSiMs will 

be shown. The possibility of tuning independently the mean micelle height, diameter and 

density will be demonstrated. A specific micellar nanopattern will be chosen to start a 8 

wafers batch fabrication of NSiMs. 

Second, standard microfabrication techniques, such as pattern transfer by RIE, lift-off for 

pattern inversion, photolithography and wet etching will be used to fabricate 160 Si chips 

containing a single NSiM or an array of NSiMs of sizes ranging from 0.5 x 0.5 mm2 up to 

2.5 x 2.5 mm2 on 4 inches wafer substrate. The 200 nm thick suspended NSiMs present a 

nanopore density of 2.8x109 nanopores/cm2 and mean nanopore diameter of 85 ± 15 nm.

 

  

35 
 



Chapter 2 – Fabrication of Ultrathin NSiMs by Block Copolymer Lithography 

2.1. Process outline 

The nanoporous silicon nitride membranes (NSiMs) have been fabricated by combining 

block copolymer lithography (BCPL) and standard microfabrication techniques. As seen 

in figure 2.1. The starting substrates on which the block copolymer micelle nanopattern 

is generated are 4 inches <100> silicon wafer (390 ± 10 µm thick) coated on both sides 

with a 200 nm thick low stress silicon nitride (LS-SiN) layer deposited by LPCVD. An 

additional 150 nm thick amorphous silicon (a-Si) layer is sputtered on the front side 

(FS) (A1-A3). A 2D monolayer of polystyrene-block-poly(2-vinylpyridine) (PS-b-P2VP) 

micelles with respective blocks molecular weights of 74 and 199 kg.mol-1 were obtained 

by spin coating a 𝐶 = 0.3 % 𝑤/𝑣 solution of the BCP in m-xylene at 2000 rpm (A4). The 

residual PS layer in between neighboring micelles is removed with a short anisotropic 

O2 plasma etching step (A5). Then proceeding to a dry etching step of the underlying 

amorphous silicon layer, each micelle acts as a single polymeric mask producing a 

nanopillar array at wafer scale (A6). A 20 nm thick layer of chromium is then 

evaporated onto the surface (A7). By executing a lift-off step using KOH wet etching to 

remove the amorphous silicon nanopillars, a nanoporous chromium mask is created on 

top of the low stress silicon nitride layer (A8). A standard UV photolithography step is 

then necessary to define the active areas of the final nanoporous silicon nitride 

membranes (A9-A11). The nanopores in the LS-SiN layer are formed using specific dry 

etching recipe (A12). The remaining photoresist and the chromium layer are then 

removed, and the nanoporous front side of the wafer is protected by sputtering a SiO2 

layer (A13-A15). A second photolithograpy step is also performed on the backside of the 

wafer to define the apertures in the Si wafer to proceed to the full release of the NSiMs 

in order to make them free standing (A16-A18). The back side release is performed by 

successive RIE of the LS-SiN, deep reactive ion etching (DRIE) of the first 360 µm of Si 

and KOH wet etching of the remaining 30 µm (A19-A22). The protective layer is finally 

removed by dipping the full wafer quickly in a buffered HF solution (A23). The final 

wafer carries approximately 160 chips of 6 x 6 mm2 with single NSiMs or an array of 

NSiMs of different sizes.  
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Figure 2.1 Schematic process flow for the batch fabrication of NSiMs at wafer scale. 
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2.2. Fabrication of the nano-patterned BCP micelle mask 

2.2.1 Experimental 

Materials 

Block Copolymer 

The block copolymer used for the formation of micelles in solution is a poly(styrene)-

block-poly(2-vinylpyridine) (PS-b-P2VP) with a molecular weight of the two blocks of 

74 and 199 kg.mol-1, respectively. This specific BCP was synthesized by living anionic 

polymerization and exhibits a low polydispersity index 𝑃𝐼 = 1.1. A total of 4 g of this 

BCP was kindly provided by Prof. Stephan Förster from Hamburg University. 

 
Figure 2.2 Poly(styrene)-block-poly(2-vinylpyridine) 

Solvents 

Solvent m-xylene (C6H4(CH3)2) anhydrous, ≥99% was purchased from Sigma Aldrich 

(Switzerland). m-xylene is used for the dissolution of the BCP. 

2-propanol ((CH3)2CHOH) is used to clean the consumables (e.g. laboratory glass bottles 

magnetic stirrers, pipette tips) used in the chemistry laboratory for the preparation of 

the BCP micellar solution in order to remove possible contaminants and dust. The 

standard cleaning procedure of materials with 2-propanol is achieved by immersion of 

the material in the solvent and ultrasonication for 5 minutes. The procedure is 

performed twice and the solvent is renewed each time. Consumables cleaned are dried 

with nitrogen gun and stored in clean environment (plastic bags or under laminar flow) 

if not used immediately. 
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Substrates 

The starting substrate for the fabrication of NSiMs is a <100> silicon wafer with a 

thickness of 390 µm ± 10 µm. 200 nm of LS-SiN is deposited on both sides of the wafer 

by LPCVD in a horizontal vacuum furnace at 820°C. The resulting LS-SiN film is a 

homogeneous SiNx film exhibiting a tensile film stress between 100 MPa and 250 MPa 

(approximate value given by the provider). The LS-SiN coated wafers are purchased 

from SiMat (Germany). 150 nm of amorphous silicon is then deposited on the front side 

by sputtering with a Pfeiffer SPIDER 600 sputtering machine (Pfeiffer Vacuum, 

Germany) depositing a-Si at a rate of 105 nm/min, using Ar (29 sccm), DC source and a 

power of 800W. Deposition of a-Si is performed in the clean room facilities of the Center 

for Micronanotechnology (CMi) in Lausanne (Switzerland). 

The substrates used for the experiments concerning the tuning of the morphology of the 

micelles (diameter, height) and density are 10 x 10 mm2 Si chips diced from a 390 µm ± 

10 µm <100> Si wafer with a Disco DAD321 automatic dicing saw (DISCO, Japan). 

Procedure 

Preparation of BCP micellar solution 

In a standard procedure, PS-b-P2VP block copolymer is dissolved in m-xylene at a 

concentration 𝐶 = 0.3 % 𝑤/𝑣. m-xylene being a selective solvent for PS block, reverse 

spherical micelles made of PS corona and P2VP core are formed. The micellar solution is 

stirred overnight in a 50 mL laboratory glass bottle. The micellar solution is then 

purified by centrifugation. The purified micellar solution is again stirred for an 

additional 30 minutes and is now ready for deposition on Si-based substrates. 

In earlier works, purified micellar solutions have been intensively characterized by 

Dynamic Light Scattering (DLS). This technique allows to determine precisely the 

hydrodynamic radius 𝑟ℎ, the aggregation number 𝑁, and the ratio 𝜌 (ratio of the 

gyration radius over the hydrodynamic radius indicating the micelle morpholgy). 

Information obtained by DLS is not representative of the mean micelle size and 

morphology after deposition on Si-based substrate and in the dried state (collapse of 

the macromolecular chains upon solvent evaporation). In this work, AFM analysis has 
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been therefore preferred and systematically used to characterize the mean micelle size 

(diameter/height) and density of the obtained micelle monolayer after deposition. 

Substrate cleaning and activation 

Prior deposition, the substrates are activated with a short O2 plasma. The hydroxyl 

groups created by the O2 plasma onto the substrate will increase the surface wettability 

avoiding a dewetting effect of the spin coated micellar solution. The oxygen plasma is 

performed with a Oxford Plasmalab 80+ equipment (Oxford Instruments, UK). The 

parameters of the activation recipes are the following, O2 mass flow of 50 sccm, 

chamber pressure 200mTorr (= 26 mbar) and forward power of 100 W (the process is 

done at room temperature). The micellar solution is now ready to be spin coated onto 

the substrate. 

Deposition of BCP micellar solution 

The deposition of the BCP micellar solution is performed by spin-coating using a 

DELTA6 RC BM spin-coater (SÜSS MicroTec, Germany) mounted under a Kojair laminar 

flow (SKAN, Switzerland) to keep a dust-free spin-coating environment. The relative 

humidity in the spin-coating chamber is controlled with a Humidifier P-10 

humidification unit (Cellkraft, Sweden) and monitored with a temperature/humidity 

probe Probe-3087 (Elpro, Switzerland). The generation of the micellar nanopattern used 

for the fabrication of NSiMs is obtained with the developed and optimized “standard” 

spin-coating parameters described in table 2.1. 

Table 2.1 Spin-coating parameters for generation of the micellar nanopattern used in the fabrication of 

NSiMs. 

Rotational 

speed 

Acceleration 

ramp 
Temperature 

Relative air 

humidity 
Volume of solution Spin time 

2000 rpm 0 23 ± 2°C 65 ± 2% 

1.5 mL (4” wafer) 

70 µL (10 x 10 mm2 

sample) 

1 minute 

Micelles morphological properties (diameter/height) and density after deposition on 

the 4” substrates (or 10 x 10 mm2 Si chips) are characterized by standard AFM analysis. 
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These properties can be tuned by changing independently several parameters such as 

the spin-coating rotational speed, the relative humidity in the spin-coating chamber 

during deposition, or the temperature of BCP dissolution prior deposition. The tunable 

properties of the micelles will be discussed further in this chapter. 

Applying a thermal treatment to the micellar solution 

Once the solution of PS-b-P2VP (74–199 kg.mol-1) in m-xylene (𝐶 = 0.3 % 𝑤/𝑣) is 

prepared, a thermal treatment can be applied to the solution to modify the micelle 

morphology and density per surface area as discussed further in the results section. To 

do so, 2 mL of micellar solution is placed in a previously cleaned 4 mL container, and 

placed under stirring in a temperature controlled (20-80°C) water bath for one hour. 

New micellar solutions prepared need to be cooled down at room temperature before 

deposition with standard spin-coating conditions on 10 x 10 mm2 Si chips. 

Etching of PS residual layer 

The deposition of the BCP micellar solution results in a 2D monolayer of reverse 

spherical PS-b-P2VP micelles. During the film formation, the micelles partly collapse on 

the surface forming a continuous residual PS layer in between neighboring micelles. In a 

previous work, the thickness of the PS residual layer has been characterized to be 8-12 

nm thick by scratching manually the surface with a needle and AFM analysis. In order to 

obtain a micellar nanopattern on a 4 inches Si substrate with each micelle acting as a 

single polymeric mask for further pattern transfer in the underlying a-Si layer, the PS 

residual layer needs to be removed. The removal of the residual layer is performed with 

an RIE Oxford Plasmalab 80+ equipment (Oxford Instruments, UK) using an optimized 

anisotropic O2 plasma etching with an etch rate of polymeric materials of 12 nm/min 

(O2 mass flow: 20 sccm, chamber pressure: 20 mTorr, forward power: 25W and process 

time: 45 seconds). This etching step also modifies the mean micelle diameter and 

height. Full removal of the PS residual layer and new morphological properties of 

micelles (diameter and height) are characterized by standard AFM analysis.  
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AFM analysis 

In this work, all the AFM characterizations were performed using a Dimension 3100 

Atomic Force Microscope (Veeco Digital Instruments, USA). All the data were acquired 

in tapping mode using Tap 150-G AFM Si probes (Budget Sensors, Bulgaria). The 

specifications of the AFM probe are detailed in table 2.2. 

Table 2.2 Specifications of Tap-150G AFM probe 

 
Resonant 

frequency 

Force 

constant 
Length 

Mean 

width 
Thickness 

Tip 

height 

Tip 

Set 

back 

Tip 

radius 

Reflex 

coating 

Value 150 kHz 5 N/m 
125 

µm 
25 µm 2.1 µm 17 µm 15 µm 

<10nm none 

Range ± 75 kHz 
1.5 to 

15N/m 
±10µm ±5µm ±1 µm ±2µm ±5µm 

Darkfield wafer inspection 

Darkfield wafer inspection is a well-suited technique to observe micron and sub-micron 

particles present on the wafer surface. This technique is extensively used by 

semiconductor manufacturers to increase and maintain a good fabrication yield. In dark 

field microscopy, the light reaches the sample with an angle with the help of an opaque 

disk, the observed background appears dark and particles present at the surface will 

scatter light producing bright dots on the dark background. The size and shape of these 

particles cannot be determined, only the amount of particles can be calculated by 

processing the captured pictures with an image analysis software (image J). The optical 

microscope used for dark field inspection is a Nikon Optiphot (Nikon, Japan). 
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2.2.2 Results and Discussion 

Tuning of the mean micelle height 

Varying the relative humidity in the spin-coating chamber 

Regarding the steps of the process flow, the micelles deposited onto the surface will act 

as single polymeric masks for further transfer into the underlying a-Si layer. For this 

transfer step, one critical parameter is the height of the micelles. Using an etching recipe 

with an etching selectivity of silicon over polymer of about 7:1, the maximum micelle 

height will define the maximum thickness of a-Si that can be etched. While keeping the 

spin-coating parameters and conditions of the micellar solution standard for the 

fabrication of NSiMs, the mean micelle height can be tuned independently by varying 

only the relative humidity in the spin-coating chamber during deposition. As it can be 

seen in figure 2.3, a variation of 20 nm in height was found while varying the relative 

humidity from 𝑅𝐻 = 20% to 𝑅𝐻 = 70% with a maximum in height around 𝑅𝐻 = 65% 

which will be the standard relative humidity used in the spin-coating process for the 

generation of the nanopattern for the fabrication of NSiMs. 

 
Figure 2.3 Plot shows the variation in the mean micelle height as a function of the relative humidity in 

the spin-coating chamber during deposition of a 𝐶 = 0.3 %𝑤/𝑣 PS-b-P2VP in m-xylene solution with 

standard spin-coating parameters on 10 x 10 mm2 Si chips. 
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No variation of the micelle density per surface area (within error bars) was noticed 

when varying the relative humidity (table 2.3), indicating that the humidity influences 

the mean height parameter at a late stage of the film formation process when the 

position of the micelles onto the substrate has already been fixed. It can be explained by 

the fact that the temperature of the surface decreases during the spin-coating process 

due to the evaporation of the solvent favoring condensation of moisture at the surface. 

The moisture preferably gets distributed within the hydrophilic P2VP cores swelling it 

[1] and changing the interfacial surface tension between PS and P2VP. The influence of 

the interfacial surface tension on the aspect ratio of micelles deposited on a surface is a 

phenomenon mentioned in the literature [2,3]. Krishnamoorthy et al. demonstrated that 

the increase in micelle height induces a proportional decrease of the PS residual film in 

between neighboring micelles [4]. 

Table 2.3 Data extracted from AFM analysis of the micelle morphology (height and diameter) and density 

depending on the relative humidity in the spin-coating chamber during deposition of the micellar solution 

on 10 x 10 mm2 Si chips. 

Relative Humidity 

% 

Diameter 

nm 

Height 

nm 

Density 

micelles/µm2 

20 91 ± 9 36 ± 4 51 ± 2 

30 94 ± 8 45 ± 4 45 ± 2 

40 93 ± 8 51 ± 5 51 ± 2 

50 91 ± 9 54 ± 5 51 ± 2 

60 94 ± 8 56 ± 5 47 ± 2 

70 94 ± 8 56 ± 5 45 ± 2 

74.3 (maximum) 92 ± 9 54 ± 5 46 ± 2 
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Tuning of the micelle density 

Varying the initial BCP concentration in solution 

Solutions of PS-b-P2VP micelles were prepared at different concentrations and 

deposited onto 10 x 10 mm2 Si samples with the standard spin coating parameters 

mentioned in the experimental section. The influence of the concentration of BCP in 

solution onto the final micelle size and surface density was characterized by standard 

AFM analysis. As it can be expected the concentration of BCP in solution influences the 

surface density of micelles [5]. While the deposition of low concentrated (𝐶 = 0.1 %𝑤/

𝑣) block-copolymer leads to medium micelle surface density (28 ± 2 micelles/µm2), the 

deposition of higher concentrated solution (𝐶 = 0.3 %𝑤/𝑣) allows us to increase 

micelle surface density up to 46 ± 2 micelles/µm2 (see Table 2.4). In contrast the mean 

micelle height and diameter does not change with the increase in concentration. 

 
Figure 2.4 AFM micrographs of PS-b-P2VP reverse micelles deposited with standard spin coating 

conditions with initial solution concentration in BCP of a) 𝐶 = 0.1 %𝑤/𝑣, b) 𝐶 = 0.2 %𝑤/𝑣, c) 

𝐶 = 0.3 %𝑤/𝑣. (max Z scale of the micrographs is 50 nm). 

Table 2.4 Data extracted from AFM analysis of the micelle morphology (height and diameter) and density 

depending on the concentration in BCP of the initial solution before deposition on 10 x 10 mm2 Si chips. 

Concentration in BCP 

% w/v 

Diameter 

nm 

Height 

nm 

Density 

micelles/µm2 

0.1 95 ± 8 57 ± 5 28 ± 2 

0.2 93 ± 7 58 ± 5 37 ± 2 

0.3 90 ± 9 55 ± 6 46 ± 2 
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 Varying the spin coating speed 

The density of micelle per surface area can also be tuned by varying the rotational speed 

of the spin-coating process and keeping the initial BCP solution concentration constant 

(𝐶 = 0.3 % 𝑤/𝑣). With increased spin-coating speeds, the volume of BCP solution 

spread across the sample per unit area decreases and the evaporation rate of the 

solvent increases [6,7], reducing the number of micelles to be frozen onto the surface. 

The inter-micelle distance increases with the spin-coating speed and no major 

difference in the morphology of the micelles (mean height and diameter) was observed 

with standard AFM characterization. 

 
Figure 2.5 AFM micrographs of PS-b-P2VP reverse micelles deposited in standard conditions with spin-

coating rotational speeds of a) 1000 rpm, b) 3000 rpm and c) 5000 rpm. (max Z scale of the micrographs 

is 50 nm). 

Table 2.4 Data extracted from AFM analysis of the micelle morphology (height and diameter) and density 

depending on the spin-coating rotational speed of the micellar solution on 10 x 10 mm2 Si chips. 

Spin coating speed 

rpm 

Diameter 

nm 

Height 

nm 

Density 

micelles/µm2 

1000 89 ± 9 50 ± 5 52 ± 2 

2000 89 ± 9 55 ± 5 46 ± 2 

3000 92 ± 9 57 ± 5 43 ± 2 

4000 96 ± 9 57 ± 5 39 ± 2 

5000 93 ± 9 58 ± 5 36 ± 2 
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Tuning of both the micelle mean size and density 

Influence of the blocks molecular weight 

Using diblock copolymers with smaller blocks molecular weights will produce smaller 

micelle in solution as it can be expected from the scaling theories [8,9]. With same 

standard spin coating conditions, a decrease in the mean micelle diameter induces an 

increase in the density of micelles. Starting with PS-b-P2VP with blocks molecular 

weights of 74 and 199 kg.mol-1, respectively, and PS-b-P2VP with blocks molecular 

weights of 55 and 50 kg.mol-1, respectively, micellar solutions were prepared in m-

xylene at a concentration of 𝐶 = 0.3 % 𝑤/𝑣 and deposited with standard spin 

conditions on 10 x 10 mm2 Si chips. The AFM micrographs in figure 2.6 and the data in 

table 2.5 show the large difference in micelle morphology and density. Substituting the 

initial BCP 74–199 kg.mol-1 by its analog BCP 55–50 kg.mol-1, the mean diameter of the 

deposited micelles was decreased by a factor 2 and the mean height by a factor of 2 to 3. 

In contrast the micelle surface density was increased by a factor of 5. 

 
Figure 2.6 AFM micrographs of a) PS-b-P2VP 74-199 kg.mol-1 and b) PS-b-P2VP 55-50 kg.mol-1 reverse 

micelles prepared in m-xylene at 𝐶 = 0.3 𝑤𝑡% and deposited with standard spin coating conditions on 10 

x 10 mm2 Si chips. 
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Table 2.5 Data extracted from AFM analysis of the micelle morphology (height and diameter) and density 

depending on the blocks molecular weights of the PS-b-P2VP copolymer prepared and deposited in the 

same standard conditions on 10 x 10 mm2 Si chips. 

PS-b-P2VP blocks Mw 

kg.mol-1 

Diameter 

nm 

Height 

nm 

Density 

micelles / µm2 

74 - 199 89 ± 9 55 ± 6 46 ± 2 

55 – 50 46 ± 3 21 ± 1.5 252 ± 10 

Applying a thermal treatment to the BCP micellar solution 

The micelle morphology and density per surface area can also be tuned prior deposition 

by applying a thermal treatment to the micellar solution. Micelles are not fixed entities, 

increasing the temperature of the solvent decreases its selectivity and therefore a 

decrease in the aggregation number and the dimensions of the core of the micelles can 

be observed [10,11]. This phenomenon was observed by changing the temperature of 

the dissolution of PS-b-P2VP (74–199 kg.mol-1) in m-xylene from 20 to 80°C. The AFM 

micrographs in figure 2.7 show the micelle morphology and density after deposition in 

standard conditions. 

 
Figure 2.7 AFM micrographs of PS-b-P2VP reverse micelles prepared in m-xylene at a) 20°C (max Z scale 

is 50 nm), b) 60°C (max Z scale is 40 nm) c) 80°C (max Z scale is 30 nm) and deposited with standard 

spin-coating conditions on 10 x 10 mm2 Si chips. 

Figure 2.8 shows the evolution of the mean micelle diameter, height and density 

depending on the temperature of the thermal treatment applied to the micellar solution 

prior deposition. Applying a thermal treatment from 20°C to 80°C to the BCP micellar 

solution, the mean micelle density is increased approximately by a factor 4 and the 
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mean diameter is being reduced by a factor 2. The small micelles (48 ± 3 nm) produced 

with a thermal treatment of the solution prior deposition at 80°C exhibit a mean height 

of 25 ± 4 nm, which is too low to be considered as an etch mask for the pattern transfer 

by RIE in the underlying 150 nm a-Si layer, therefore this micellar system cannot be 

used for the fabrication of NSiMs. Other micellar systems with PS-b-P2VP (74-199 

kg.mol-1) in m-xylene prepared at 𝐶 = 0.3 % 𝑤/𝑣 and with a thermal treatment of the 

solution prior deposition ranging from 20 to 70 °C appear to be good micellar systems 

for the fabrication of NSiMs with tunable pore size and pore density ranging from 95 ± 9 

nm to 61 ± 5 nm and 48 ± 2 to 131 ± 5 micelles/µm2, respectively. 

 
Figure 2.8 Plots of the mean micelle a) diameter, height and b) density after deposition of a 𝐶 = 0.3𝑤𝑡%  

solution of PS-b-P2VP (74 – 199 kg.mol-1) in m-xylene as a function of the thermal treatment applied to 

the micellar solution prior deposition. 
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Generation of a homogeneous micellar nanopattern at 

wafersacle 

Influence of the volume of micellar solution dispensed onto the 4” 

substrate 

Depositing the micellar solution from small samples (10 x 10 mm2) to large scale 

samples (4 inches Si wafer) requires an optimization of the volume of solution 

dispensed onto the wafer. The linear speed of an object (solution of BCP) positioned on 

a disk in rotation is the product of the angular speed by its position on the rotating disk 

(distance from the center). In other terms, the volume of BCP solution spread across the 

sample per unit area decreases while moving away from the center of the wafer, and a 

gradient of micelle density can be expected from the center to the edge leading to the 

formation of non-homogeneous micellar films at large scale [7]. To overcome this issue, 

the volume of solution to be dispensed needs to be in excess as seen in figure 2.9 b) 

where a minimum volume of 1.5 mL of micellar solution is needed to obtain the same 

density of micelle per surface area everywhere on the wafer. 

 
Figure 2.9 a) Schematic representation of a 4” silicon wafer with positions of the AFM measurements 

indicated and b) the analysis of the evolution of the micelle density along the wafer for different amount 

of micellar solution dispensed during the spin-coating process. 
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Purification of the micellar solution with centrifugation 

Even if all the precautions were taken in terms of cleaning all the laboratory equipment 

and materials with 2-propanol, and also by setting the spin-coating machine and 

process in a dust free environment, an inspection of the wafer with an optical 

microscope in dark field showed that many large undesired particles were present onto 

the surface (figure 2.10 a)). Centrifugation is an easy step for purifying solution by 

sedimentation of large particles/aggregates [12–14]. The centrifugation step for 

solution purification was preferred to a standard filtration step with 0.2 or 0.45 µm 

because of the swollen micelle “trapping” effect into these large tortuous filters (PVDF 

or PTFE 10 µm thick filters), reducing considerably the final concentration at the output 

of the filters. 1.5 mL of micellar of non-purified and purified micellar solution was 

deposited onto 4” wafer substrates with standard spin-coating conditions and a dark 

filed inspection was performed (figure 2.10). The shape and size of the particles 

scattering the light observed in dark field mode cannot be defined, only the amount of 

particles. Processing the images to a particle analysis showed that the non-purified 

solution deposited presents an amount of particle of 129 particles/mm2, while the 

purified solution, the amount of particle on the surface after deposition is only of 14 

particles/mm2. 

 
Figure 2.10 Wafer inspection with optical microscope in dark field mode of a) non-purified and b) 

purified micellar solution deposited on 4” wafer with standard spin coating conditions. 
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Purifying the solution with centrifugation and sampling the supernatant (typically 50% 

of the solution) slightly reduced the micelle density per surface area once deposited on 

a 4 inches substrate with standard spin-coating conditions (figure 2.11). This can be 

explained by a slight decrease of the micelle concentration due to the sedimentation of 

larger micelles during the centrifugation step [15]. The decrease of micelle surface 

density observed when using the purified micellar solution was quantified to be < 10% 

(within error bars). The decrease of micelle surface density is not relevant compared to 

the cleanliness of the substrate obtained with a purified micellar solution. 

 
Figure 2.11 AFM analysis of the evolution of the micelle density along the wafer for a non-purified and 

purified micellar solution deposited with standard spin-coating conditions. 

Etching of the PS residual layer 

During the deposition of the micellar solution and formation of the film, the micelles 

partly collapse onto the surface forming a continuous residual layer of PS that has been 

characterized by scratching manually the surface and AFM analysis to be 8-12 nm thick. 

It is important to remove this residual layer in order to have each micelles acting as a 

single polymeric mask for the subsequent step consisting in transferring the micellar 
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nanopattern in the underlying a-Si layer via DRIE. Figure 2.12 show the micelle 

morphology and size distribution before etching the residual layer. 

 
Figure 2.12 a) AFM micrograph of micellar film before etching the PS residual layer (max Z scale is 50 

nm) and b) the corresponding graph showing the size distribution of the micelles. 

Proceeding to the short optimized oxygen plasma to remove the PS residual layer, the 

final micellar nanopattern is obtained. The anisotropic etch of the residual layer also 

etches the micelles modifying the mean diameter and height. Figure 2.13 and table 2.6 

show the micelle morphology (diameter and height), density and size distribution after 

etching the residual layer. The mean height and diameter obtained with the particle 

analysis tool of the AFM software are reduced by 11 ± 3 nm and 15 ± 3 nm, respectively. 

 
Figure 2.13 a) AFM micrograph of micellar film after etching the PS residual layer (max Z scale is 50 nm) 

and b) the corresponding graph showing the size distribution of the micelles. 
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Table 2.6 Data extracted from AFM analysis of the micelle height and density before and after the etching 

of the PS residual layer by oxygen plasma. 

 
Height 

nm 

Density 

micelles / µm2 

Before etching residual layer 55 ± 6 30 ± 2 

After etching residual layer 44 ± 6 31 ± 2 

For the next transferring step into a-Si by RIE, one critical parameter is the remaining 

height of the deposited micelles after etching the residual layer. For the etching of a 150 

nm thick a-Si layer using an etching recipe with a selectivity of Si over polymer of about 

7:1, the deposited micelles should be at least 20-25 nm in height. From the mean height 

values indicated in table 2.6, the remaining height of the micelles was measured by AFM 

to be around 44 nm, which is enough to play the role of an efficient etch mask.  
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2.2.3 Preliminary conclusions 

The possibility of tuning the micelle diameter, height and density was demonstrated. 

The dimensions of the BCP micelles after etching of the PS residual layer reflect the final 

dimensions of the nanopores in the process flow for the fabrication of NSiMs. Attention 

should be given to the fact that a large surface coverage of the self-assembled 

monolayer of the PS-b-P2VP (74-199 kg.mol-1) micelles will lead to highly porous 

surfaces, making the membrane mechanically fragile. Generating a micellar nanopattern 

on a 4 inches wafer using a 𝐶 = 0.3 % 𝑤/𝑣 solution of PS-b-P2VP (74-199 kg.mol-1) in 

m-xylene (without thermal treatment of the solution) leads to a 15-20% surface 

coverage and therefore future porosity, being an acceptable value to pursue the 

fabrication process and superior to the porosity of PCTE membrane (≈5%) [16,17] or 

silicon based membranes fabricated via interference lithography (≈4%) [17,18], and in 

the range of what can be achieved with AAO membranes (10-35%) [17,19,20] for sub-

100 nm pore diameter. This micellar system exhibits a mean micelle diameter of 85 ± 10 

nm and a density of 28 ± 2 micelles / µm2. A batch fabrication of 8 wafers using this 

starting template was processed to produce NSiMs with detailed critical steps explained 

in the following section.  
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2.3. Microfabrication of NSiMs using BCP lithography 

2.3.1 Experimental 

Materials 

Substrate 

The substrates used at this stage of the fabrication of NSiMs are 4 inches <100> silicon 

wafers (390 µm ± 10 µm thick) with 200 nm of LS-SiN deposited on both sides of the 

wafer by LPCVD and 150 nm of sputtered a-Si on the front side. As seen previously, a 2D 

PS-b-P2VP (74–199 kg.mol-1) reverse micelle monolayer is generated on the front side 

with a mean micelle diameter of 85 ± 10 nm and a density of 28 ± 2 micelles / µm2. 

Wet etchants 

All the wet etchants used in the fabrication of NSiMs are listed in table 2.7 below. 

Table 2.7 Wet etchants used for the fabrication of NSiMs. 

Wet etchant Material etched Composition Temperature of use Etch rate 

KOH Silicon KOH 40% 60°C ≅ 20 µm/h 

SVC-14 Photoresist 
60 % DMSO / 40% 

cyclic ester- 
70°C * 

CR1 Chromium 
(NH4)2Ce(NO3)6 + 

HClO4 
20°C 65 nm/min 

BHF SiO2 Buffered HF 7:1 20°C 72 nm/min 

*The etch rate of photoresist in SVC-14 can vary if it has been exposed to gases in dry etching processes 
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Procedure 

Etching of the a-Si nanopillars 

The formation of the nanopillars is obtained using a “pseudo” Bosch dry etch process 

with an ICP plasma etcher Alcatel AMS 200 (Alcatel Micro Machining Systems, France). 

The process is continuous and combines two gases, SF6 as the etching gas and C4F8 as a 

passivation gas allowing an anisotropic etch of the silicon leaving nanopillars with 

smooth sidewalls. The ratio in between the mass flow of gases introduced into the 

chamber defines the taper angle of the nanopillars, the ideal ratio producing a-Si 

nanopillars with vertical sidewalls was found to be 25 sccm/55 sccm. The etching 

process is performed at low temperature (0°C) and with a chuck power reduced to 15W 

in order to decrease the etch rate of a-Si. The ICP source power is set to 1500W. The 

etch rate of this recipe was measured to be 100 nm/min with a selectivity over polymer 

close to 7:1. 

Evaporation of chromium 

The evaporation of chromium is performed with a Leybold-Optics LAB 600H evaporator 

machine (Leybold optics, Germany). The deposition rate of chromium is 0.4 nm/s and a 

20 nm thick layer will be deposited onto the 4 inches substrates with the nanopillar 

array. The thickness of Cr deposited is measured with the deviation in frequency of a 

quartz oscillator. In the evaporation machine the distance source–substrate is of 1010 

mm, minimizing the angle between the normal to the substrate at the edge of the wafers 

and the incident flux down to 6°. This angle is called the maximum lift-off angle. 

Chemical lift-off 

The nanopattern is inverted from nanopillars to nanoholes into the Cr layer by 

proceeding to a chemical lift-off using a 40% potassium hydroxide (KOH) solution 

prepared at 60°C. KOH is a strong base mostly used in microfabrication for the wet 

etching of silicon. It has to be used carefully due to its corrosive nature when 

concentrations are higher than 2%. The structured wafers are dipped for 10 minutes for 

the etching of nanopillars with mean height of 150 nm and mean diameter of 85 nm. 

Wafers are rinsed in 3 successive ultrapure water baths for 10 minutes each. Possible Cr 
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residues are removed by dipping the wafers in an ultrasonic cleaning water bath for 10 

minutes. The wafers are then dried with a homemade dry spinning device. 

Front side (FS) photolithography 

Just before the deposition of the photoresist wafers are prepared with a dehydration 

step by placing the wafers in an oven at 130°C for one hour to enhance the adhesion of 

the resist on the chromium layer. It allows removing the water present onto the 

substrate (chromium) to get a homogeneous coating along the wafer. Vapor HMDS is 

useless onto chromium surface to enhance photoresist adhesion (HMDS is usually used 

to improve the adhesion of photoresist onto silicon substrates), and oxygen plasma 

should be avoided in order not to create chromium oxide that will be hard to remove 

afterwards with wet chemical etchant. It is strongly recommended to proceed to the 

photoresist deposition right after the dehydration step. 2.0 µm of photoresist AZ1512HS 

(AZ Electronic Materials, France) is spin coated at 2300 rpm for 30 seconds on the front 

side of the wafer (nanoporous chromium) followed by a soft bake step at 112°C which 

removes the excess of solvent contained in the photoresist (generally 20-40%) to make 

the photoresist film more stable at room temperature afterwards. Right after the soft 

bake step, the wafer is placed on a cool plate in order to stop the baking process. The 

whole process is automatically performed with an automatic coater Cluster EVG 150 

(EVGroup, Austria). The photoresist film has to observe a certain rehydration time 

because during the softbake the water concentration of the film drops. A certain water 

content in the resist during exposure is required to allow a reasonable high 

development rate and a high contrast. The missing water has to diffuse from the air into 

the resist film before exposure. For thin photoresist films in the order of few µm, a few 

seconds are generally needed for full rehydration. The photolithography mask was 

designed with CleWin software and the layout was sent for the fabrication to the 

company Photronix (UK), the specific design will be discussed later. The photoresist is 

then exposed to UV light through the photolithographic mask with an exposure tool 

SÜSS MicroTec MA6&BA6 (SÜSS MicroTec, Germany). The photoresist exposed to UV 

light will observe a change in its solubility making the exposed areas very soluble in a 

basic developer. In order to avoid any spatial variation in solubility of the resist in 

developer, the correct exposure dosis should be provided to the exposed areas, this can 

be found in the datasheet depending on the type of photoresist, its thickness and the 
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nature of the substrate. The light intensity in the machine is of 10 mW/cm2 and a 

suitable exposure dosis was found to be of 32 mJ/cm2, meaning an exposure time of 3.2 

seconds. Once exposed, the photoresist should be developed right after. The machine 

processing the development of the exposed photoresist (Cluster EVG 150) is combining 

the “spray” and “puddle” technique. With the spray technique, developer is sprayed 

through a nozzle on the wafer producing a fine mist of developer over the wafer, giving 

more uniform developer coverage and reducing the amount of developer used. The 

“puddle” development technique uses the developer sprayed on the surface, and the 

solution stays onto the stationary wafer for the duration of the development time. The 

wafer is then spin rinsed thoroughly with water and dried. A post-bake step at 112°C 

after development is performed to harden the final resist, making it more thermally 

stable, so that it can be able to withstand harsh environment such as dry etching 

conditions. Optical control with microscope (Nikkon Optiphot 200, Nikkon, Japan) 

should be performed to characterize the development of the photoresist in the defined 

apertures, making sure that the underlying layer has been reached, and that no 

photoresist residues are present. If so, the residues can be removed with a short descum 

with an oxygen plasma (TEPLA Gigabatch plasma stripper, PVA Tepla, Germany; O2 mass 

flow: 200 sccm, power: 200 W, process time: 10 sec), or by proceeding again to the 

development procedure. 

Deep Reactive Ion Etching (DRIE) of LS-SiN 

The creation of the nanopores is achieved by Reactive Ion Etching with an ICP plasma 

etcher Alcatel AMS 200. For the etching of the nanopores in LS-SiN through the 

nanoporous Cr mask, two different etching processes will be used. The first one will be 

referred to as Etch_SiN in this work, and uses the following gases and parameters, C4F8 / 

CH4 and He, source power of 1500 W and chuck power of 180 W. Etch_SiN exhibits an 

etch rate of stoichiometric Si3N4 of 200 nm/min. The second recipe will be referred to as 

Etch_LS-SiN and uses the following gases and parameters, C4F8, source power of 1500 W 

and chuck power of 100 W. Etch_LS-SiN exhibits an etch rate of LS-SiN of 250 nm/min. 

The etching time and the selectivity over Cr of both these recipes will be discussed 

further. 
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Stripping of photoresist and Chromium 

After creating the nanopores into the LS-SiN layer in the areas defined, the remaining 

photoresist needs to be removed from the surface. A well-known quick way to strip 

photoresist is to proceed to a barrel oxygen plasma, in which photoresist of several 

micrometers can be stripped in a few minutes. Regarding the process used for the 

fabrication of NSiMs, if oxygen plasma is used, it will oxidize the underlying chromium, 

and chromium oxide will be removed with difficulty using wet etchant. Therefore the 

photoresist is stripped by dipping the wafers into a remover bath for 2 hours. The 

remover used is a SVC-14, it has to be used carefully, because of its corrosive properties 

and breathing the vapors should be avoided. The residual fluorocarbon compounds 

present at the surface of the wafer due to the dry etching step with C4F8 might slow the 

stripping process, dipping time should be extended if necessary after optical control 

(the etch rate was not communicated by the provider). After stripping, the wafers are 

rinsed successively in a quick dump rinse (QDR) water bath and an ultra-clean (UC) 

water bath. Finally the wafers are dried by spinning under nitrogen flow. 

The etching of chromium is performed by dipping the wafers in a solution of CR1 which 

is a mixture of (NH4)2Ce(NO3)6 + HClO4. CR1 is a strong acid and should be handled with 

care. The etch rate of chromium in CR1 is 65 nm/min. The etching time necessary might 

be a little longer because of the presence of a native chromium oxide layer. The etching 

time is set to 5 minutes in order to be sure of removing all the chromium. CR1 is not 

etching the underlying LS-SiN layer. After soaking in CR1, the wafers are rinsed 3 times 

in a QDR water bath, and dried with a spin drier. 

Energy Dispersive X-ray (EDX) analysis 

The wafers are analyzed by Energy Dispersive X-ray (EDX) to detect the possible 

presence of Cr residues after Cr wet etching in CR1 that might not be visible with optical 

microscope inspection. The analysis is performed at different positions on each wafer of 

the fabrication batch. EDX is a technique used for elemental analysis of a sample. This 

analysis is performed in a SEM microscope Philips XL30 ESEM (Philips) with an electron 

beam and an energy dispersive spectrometer. The incident electron beam hits the 

sample surface creating secondary electrons and leaving holes in the electron shells of 

the sample atoms. When these holes are in an inner shell, electrons from an outer shell 
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are dropping into an inner shell to stabilize the state of the atom. By dropping from a 

shell to another, the atom loses some energy in the form of X-rays emissions. These X-

ray emissions have a characteristic energy and wavelength depending on the element 

atom and the shells concerned. Each element has a characteristic X-ray line (or lines 

depending on the number of shells) which allows the user to identify the elemental 

composition of the sample. This method is non-destructive. 

Front side protection coating 

Before processing the back side of the wafer to create the apertures, the front side is 

protected by sputtering a layer of SiO2 in order not to damage the future active areas. 

The sputtering process is performed with a Pfeiffer SPIDER600 sputtering machine 

(Pfeiffer Vacuum, Germany). This protection coating will protect the front side from 

mechanical shocks while manipulating the wafer with the subsequent operations 

(contact with chucks from spin coater or in ICP plasma etcher), and it will also prevent 

the NSiMs from breaking during the KOH wet etch by making the suspended areas more 

mechanically stable. 

Back side (BS) photolithography 

The procedure for the patterning of the apertures into the photoresist coating on the 

backside of the wafer is slightly different from the one for the front side since the 

thickness to be deposited is 4 times larger (8 µm). The substrate on the backside of the 

wafer is a thin polished 200 nm thick LS-SiN. To enhance the adhesion of photoresist 

onto LS-SiN, a strong oxygen plasma is performed (typically O2 mass flow: 400sccm, 

power: 600 W, process time: 10 minutes with a TEPLA Gigabatch plasma stripper). A 

photoresist AZ9260 (AZ Electronic Materials, France) is spin coated at 2800 rpm for 1 

minute and 40 seconds onto the backside of the wafer, followed by a soft bake at 112°C. 

The substrates are then put on a cool plate for 15 seconds. The rehydration time needed 

for such resist and this thickness is about 20 minutes with air humidity at 45% 

(controlled humidity in the clean room facilities). But a variation of few % in the air 

humidity influences strongly the rehydration time of thick resist. The wafers coated 

with photoresist were therefore left for rehydration for a couple of hours. A photomask 

designed in house and fabricated by Photronix (UK) was made to expose the photoresist 

on the back side of the wafer with the right pattern. The global pattern on the backside 
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of the wafer is the mirror of the pattern of the front side photomask. Specificities in the 

design of the photomask will be discussed further. The necessary exposure dosis for 8 

µm thick AZ9260 photoresist on LS-SiN is 260 mJ/cm2. With the exposure tool SÜSS 

MicroTec MA6&BA6 with a light intensity of 10 mW/cm2, an exposure time of 26 

seconds is needed. The exposure tool allows a back side alignment of the wafer with 

cameras placed on both sides of the wafers to visualize and align the corresponding 

alignment marks. The development of the exposed photoresist should be operated right 

after exposure. The development is based on the “spray” technique using the Cluster 

EVG 150 automatic coater. Optical control of the apertures in the photoresist is 

necessary after development to identify any photoresist residues not well developed 

and increase the development time if necessary. 

Back side DRIE of 200 nm of LS-SiN and 360 µm of Si 

After creating the apertures in the 8 µm thick photoresist on the backside, a first dry 

etching step using Etch_LS-SiN (parameters of etching recipe discussed previously) 

needs to be performed to remove the 200 nm LS-SiN layer. The etching selectivity of LS-

SiN over photoresist was calculated to be of 2.4:1. There is still approximately 7.9 µm of 

photoresist to etch through 360 µm of silicon. The process used is a standard Bosch 

process allowing deep anisotropic etching in silicon with vertical sidewalls without loss 

of lateral dimensions. The etching parameters are the following, SF6 mass flow of 300 

sccm and cycle time of 7 seconds, CH4 mass flow of 150 sccm and cycle time of 2 

seconds. The Source power is set to 1800 W and the chuck power is set to 45 W during 

the SF6 cycles. The average calculated etch rate is of 6 µm/min and the selectivity over 

photoresist is greater than 75 : 1, meaning that with 7.9 µm of photoresist left, over 592 

µm of Si can be etched. The depth in apertures of different lateral dimension is 

controlled using Bruker Dektak XT surface profiler (Bruker, Germany). 

KOH we etching of the remaining 30 µm of Si 

Before KOH wet etching, the remaining photoresist is stripped by O2 plasma ashing with 

a TEPLA Gigabatch plasma stripper. Parameters of the etching step are the following, O2 

mass flow of 400 sccm, power of 600 W and process time of 10 minutes is used for full 

stripping of the remaining resist. The etch rate of positive resist with this recipe can 

vary from 250 nm/min to 1.2 µm/min depending on the process time and the number 
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of wafer to be processed in the batch. Therefore the end point detector system of the 

machine is really useful. It helps visualizing the plasma intensity that becomes constant 

once all the organic compounds present in the chamber have been burnt out. This O2 

plasma step also enhances the wettability inside small backside apertures of the wafer 

just before KOH wet etching. 

The etching of the remaining 30 µm of Si inside the backside aperture is performed in a 

40% KOH solution at 60°C during two hours. The LS-SiN layer with apertures on the 

backside acts as an etch mask with high etching selectivity in KOH over silicon 

(>1:2000). After etching, optical control is necessary to visualize eventual silicon left at 

the bottom of the apertures and increase the KOH etching time. After KOH wet etching, 

the wafers are rinsed by simple dipping in Ultra Clean water bath three times 3 minutes 

with the water renewed each time. Wafers carrying the membranes are then 

transferred into a 2-propanol bath for 3 minutes, and pulled out to dry in air. Drying in 

air with  isopropyl-alcohol is a commonly used technique in clean room facilities for 

fragile suspended structures because of the elevated surface tension of water (0.0729 

N/m at 20°C) compared to the one of 2-propanol (0.022 N/m) that can generate a 

movement of the structure and affect the performance. 

Removal of SiO2 protection coating 

The final release of the membrane is performed by stripping the SiO2 protective layer on 

the front side. Stripping is performed in a buffered HF (7:1) bath at room temperature. 

The rinsing and drying procedure of the wafers are the same as the ones after KOH wet 

etching.  
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2.3.2 Results and discussion 

Etching of a-Si nanopillars via BCP lithography 

In a previous work done in our group, Klein et al. demonstrated the possibility of tuning 

the sidewall taper angle of silicon nanopillars by changing the ratio between SF6 and 

C4F8 gases used in the continuous “pseudo Bosch” etching process specially developed 

for this purpose [21]. Using PS nanospheres as starting template, Si nanopillar arrays 

from negative to positive sidewall taper angle were achieved (figure 2.14). 

 
Figure 2.14 Schematic representations and associated SEM pictures of nanopillars with a) positive 

sidewall taper angle, b) perfectly vertical and c) negative sidewall taper angle obtained by increasing the 

SF6 / C4F8 gas ratio from a) to c) of the pseudo “Bosch” dry etching process. (Adapted from [21]). 

For the fabrication of NSiMs, regarding the next steps of the fabrication process being 

the evaporation of chromium and subsequent lift-off of the nanopillars, no Cr should be 

evaporated onto the sidewalls of the nanopillars (figure 2.15). It is therefore important 

to obtain perfectly vertical sidewalls of the nanopillars, or even a slight negative 

sidewall taper angle.  
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Figure 2.15 Cr evaporation onto nanopillars with a) positive sidewall taper angle and b) vertical 

sidewalls. 

The maximum lift-off angle being really small (6°) during the evaporation process 

(evaporation process almost vertical), the parameter to be played on to avoid 

deposition of Cr onto the sidewalls is the taper angle of the nanopillars. Producing high 

aspect ratio nanopillars by adjusting the etching recipe has been studied using different 

starting templates [22–27]. Using BCP micelles with a mean diameter of 85 ± 15 nm as 

starting template, 150 nm high a-Si nanopillars with vertical sidewalls were obtained by 

using gases mass flow of 25 sccm of SF6 and 55 sccm of C4F8 in the continuous “pseudo 

Bosch” dry etching process. In addition the overetch of the a-Si pillars should be 

absolutely avoided in order not to damage the underlying LS-SiN layer that will be the 

final free standing nanoporous structure after release of the NSiMs. Therefore it is 

crucial to perfectly control the etch rate of a-Si and reduce it as much as possible by 

lowering both the chuck power and the chamber temperature. The machine is equipped 

with and End Point Detection (EPD) system allowing the user to visualize when the next 

layer is reached in the etching process by monitoring the intensity change of a laser spot 

reflected onto the surface of the wafer. Figure 2.16 shows a SEM cross section picture of 

the a-Si nanopillar array obtained and the associated AFM image with section analysis 

to measure precisely the mean height of the nanopillar array. The height measured is 

about 170 nm, including the height of the nanopillars (150 nm) and the remaining 

micelle on top used as an etching mask (15-25 nm). 
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Figure 2. 16 a) cross section SEM picture, b) AFM micrograph (max Z scale is 150 nm) of the final 

nanopillar array and c) AFM section profile of a nanopillar determining the precise pillar height. b) and c) 

do not give information on the sidewall profile of the pillars due to the tip convolution artefact. 

Control of full lift-off 

The etch rate of a-Si in KOH is way slower than crystalline silicon because a-Si deposited 

by sputtering is boron doped, reducing the etch rate in alkaline solutions [28–30]. 

Therefore the wet etching time to complete the lift-off was increased and stopped after 

the reaction was finished. After performing the full lift-off procedure detailed earlier, 

the wafers are analyzed individually by SEM at different places to control the 

cleanliness and identify any Cr residues. The Cr residues present at the surface come 

from the Cr caps on top of the micelles or probable Cr particles on the sidewalls of the 

nanopillars. If residues are observed, the wafers are submitted to an ultrasonic cleaning 

step in ultrapure deionized water which is a well-known technique to remove sub-

micron particles adhering to the surface [31–33]. Figure 2.17 shows the schematic 

representation and associated SEM pictures of the lift-off process with Cr particles 

detected onto the surface.  
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Figure 2.17 Schematic representation and associated SEM top view pictures of a) the nanopillars coated 

with Cr before KOH lift-off, b) The nanoporous Cr layer with Cr residues directly after KOH lift-off, c) the 

nanoporous Cr layer after KOH lift-off and ultrasonic cleaning in water to remove Cr residues. 

Figure 2.18 shows the size distribution of the mean diameter of the nanopillars coated 

with Cr before lift-off and the size distribution of the mean diameter of the nanopores in 

the Cr layer after lift-off. Results obtained are in good agreement with the original mean 

diameter of the BCP micelles used as starting template, thus demonstrating reliable 

pattern transfer into a-Si and pattern inversion into Cr after lift-off. From a mean 

diameter of 85 ± 15 nm of the deposited micelle, 20 nm thick porous Cr mask with mean 

nanopore diameter of 85 ± 15 nm could be fabricated at wafer scale. 

 
Figure 2.18 Size distribution of the mean diameter of a) a-Si nanopillars coated with Cr before lift-off and 

b) nanopores in the Cr layer after lift-off. (Size distribution was calculated from 4 x 4 µm2 top view SEM 

pictures). 
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Design of front side photomask 

The front side photolithography step defines the active areas of the final NSiMs. Square 

openings of different size (from 800 x 800 µm2 up to 2.5 x 2.5 mm2) have been 

patterned into the photoresist layer using the front side photomask designed for this 

purpose. Figure 2.19 shows half of the design desired on the 4 inches wafer, the active 

areas are defined onto 6 x 6 mm2 chips labelled with the membrane size and separated 

with dicing marks. Alignment marks are also displayed on the wafer extremities in 

order to perform a backside alignment during the backside photolithography. This step 

is crucial to make the backside apertures coinciding with the front side active areas. A 

combination of several sizes of active areas is proposed in the design in order to 

characterize the mechanical properties of the suspended nanoporous structure that are 

dependent on the lateral dimensions of the membrane. The study of the mechanical 

properties will be discussed in the next chapter. Also, to increase the active area per 

chip, several small membranes (more mechanically stable) of the same lateral 

dimension have been integrated onto the same chip for the production of membrane 

arrays. 

 
Figure 2.19 Image of a) the design of the front side photolithographic mask with apertures of different 

size and organisation to determine the active areas of the future NSiMs and b) the alignment marks used 

in the design. 
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Etching of the nanopores in the LS-SiN layer 

For the etching of the nanopores in LS-SiN through the nanoporous Cr mask, several 

important parameters have to be taken into account, the sidewall angle of the 

nanopores, the etching rate of LS-SiN and the selectivity LS-SiN:Cr. Etch_SiN (described 

in the procedure earlier) is a well-defined etching recipe generally used to etch 

stoichiometric silicon nitride producing smooth vertical sidewalls with an etch rate of 

200 nm/min. In this recipe He gas is used to dilute the fluorocarboned chemistry in 

order to reach low gas residence time which is a key parameter to obtain a control over 

the profile angle of the structures [34]. EPD system allowed the visualization of the 

consumption of the nanoporous Cr mask. After 1’30” of etching, the 20 nm of Cr were 

entirely consumed and the wafer was sacrificed to control the shape and depth of the 

nanopores with a cross section SEM analysis. Figure 2.20 a) shows the average depth of 

the nanopores measured to be of 115 nm while it was expected to be around 200 nm 

into the LS-SiN layer. Therefore the nanopores will not go through the entire 200 nm 

thick LS-SiN layer and the fabrication of NSiMs could not be processed any further. The 

decrease in etch rate using fluorocarbon plasma has already been described in previous 

works [34,35]. It is explained by polymer deposition on both the sidewalls and the 

bottom of the nanopores during the etching because addition of H and C atoms 

increases the C/F ratio which is known to increase polymer deposition in etching 

processes. As a consequence the etch rate of LS-SiN and the selectivity over Cr are 

decreased. The vertical etching of nanopores was stopped. 

The solution proposed to overcome the previously described extra-polymerization was 

to use the etching recipe Etch_LS-SiN involving only C4F8. By suppressing the CH4 gas, 

less polymer was expected to be formed and therefore deeper etching in the LS-SiN 

layer could be achieved. Since the ICP source and the RF chuck power control the ion 

flux and the ion energy, respectively, the chuck power was lowered from 180W to 100W 

in order to decrease the physical etch of the nanoporous Cr mask. Using this optimized 

recipe, 1 minute and 15 seconds of etching was sufficient to etch completely through the 

200 nm of LS-SiN (figure 2.20 b)); the etch rate of LS-SiN has been found to be of 250 

nm/min. The nanoporous Cr mask was fully consumed after 2 minutes of etching; 

therefore the selectivity Cr:LS-SiN was found to be of 1:25 approximately. 
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Figure 2.20 Cross sectional SEM pictures of nanopores dry etched with a) Etch_SiN  for 1’30” and with b) 

Etch_LS-SiN  for 1’15”. 

Stripping of photoresist and Cr 

After completing the stripping procedure of photoresist and chromium, the wafers have 

been analyzed with EDX to detect if Cr was still present on the surface. Indeed 

fluorocarbon chemistry used in the dry etching process might have created a protection 

coating onto the Cr layer making its removal more difficult. Figure 2.21 a) shows an 

example of EDX analysis detecting Cr residues after the Cr etch step. A second Cr etch 

was performed and final EDX analysis showed that all the Cr was finally removed 

(figure 2.21 b)). The presence of aluminium detected by EDX is explained by the nature 

of the substrate holder made of this material. The traces of Fluor detected are coming 

from the fluorocarbon chemistry used during the dry etching process causing 

polymerization into the nanopores. 

 
Figure 2.21 EDX analysis of Cr residues after a) first Cr etch step and b) second iterative Cr etch to 

remove all the residues. 
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Design of back side photomask 

The global pattern of the back side photomask is the mirror of the pattern of the front 

side photomask. All the apertures in the BS photomask were made larger than the 

coinciding ones on the FS photomask because the final square suspended nanoporous 

areas should be framed by a non-porous suspended area in order to improve the 

mechanical stability and resistance of the final NSiMs [36–38]. The size of the apertures 

in the design of the photomask has to take into account that a non-porous suspended 

frame in the range order of 100 ± 15 µm wide is desired after proceeding to DRIE 

through the silicon for 360 µm and final release with KOH for the remaining 30 µm. The 

etching of <100> oriented silicon using aqueous KOH creates V-shaped grooves with 

(111) planes at an angle of 54.74° from the (100) surface. The slow etch rate of silicon in 

the <111> direction is a consequence of the diamond lattice structure because the (111) 

plane is a double layer bound together with more atomic bonds than the other planes 

[39]. A schematic representation of the final desired structure is represented in figure 

2.22. 

 
Figure 2.22 Schematic representations of a) top view and b) cross sectional side view of the final 

structure of the NSiM after DRIE through 360 µm of Si and final KOH release for the remaining 30 µm. 

𝐿: Lateral dimension of the square apertures in the BS photomask; 𝑥: Lateral dimension of the square 

aperture in the FS photomask; 𝑎: width of the non-porous suspended frame; 𝛽: angle between (111) and 

(100) Si planes due to KOH etching; 𝑐: remaining Si depth to be etched with KOH. 

A simple trigonometric calculus gives all the information on the lateral size of the 

apertures to be designed in the BS photomask. With 𝐿 the lateral dimension of the 

square apertures in the BS photomask, 𝑥 the lateral dimension of the corresponding 
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square aperture in the FS photomask, 𝑎 the distance between the border of the porous 

and non-porous suspended areas, 𝑐 the remaining thickness of Si to be etched with KOH 

and 𝛽 the angle of 54.74° between the (111) plane of Si and the (100) surface due to 

KOH etching. 

𝐿 = 𝑥 + 2𝑎 +
2𝑐

tan𝛽
 (2.1) 

With a non-porous frame of 𝑎 = 115 µm wide, and with 𝑐 = 30 µm of remaining Si to be 

etched with KOH, the lateral dimensions 𝐿 of the apertures in the BS photomask were 

calculated to be designed 270 µm wider than the corresponding front side apertures 

with lateral dimension 𝑥 (𝐿 − 𝑥 = 270 µm). Figure 2.23 a) shows the design of the BS 

photomask with the overlaid layer of the FS photomask. Before exposure to UV light of 

the BS photoresist through the BS photomask, the wafer needs to be properly aligned by 

overlaying the FS and BS alignment marks (Figure 2.23 b)). A slight misalignment 

during exposure will make the non-porous suspended frame not properly centered 

respectively to the nanoporous area. A frame not centered can lead to mechanical 

instability issues, such as less mechanical resistant suspended structures or buckling. 10 

µm wide trenches were also added to the BS photomask’s design to mark the 6 x 6 mm2 

chips borders for manual cleavage. 

 
Figure 2.23 Image of a) the overlaid designs of the BS and FS photolithographic mask and b) the overlaid 

FS and BS alignment marks. 
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Membrane release combining DRIE and KOH wet etching 

Combining DRIE and KOH for the release of micro structures has been used in the past 

to obtain vertical surfaces or to cancel the scalloping effect obtained using a Bosch 

process with DRIE [40–42]. In the case of the release of NSiMs there are two major 

advantages of combining DRIE and KOH wet etching. First, the limitation for the 

aperture size on the backside is considerably decreased compared to only KOH release 

through 390 µm of silicon where the resulting pyramidal shape due to the etching has to 

be anticipated. By combining DRIE and KOH wet etching, the lateral dimension of the 

backside apertures has to be increased by only 270 µm. In contrast the release only with 

KOH wet etching would require an increase of the lateral dimension of the back side 

apertures of 780 µm. 

 
Figure 2.24 Example of designs of FS and BS layers of the photomasks for the fabrication of Si chip 

containing a maximum array of a) 3 x 3 NSiMs for a total active area of 9 mm2 using DRIE and KOH 

release and b) 2 x 2 NSiMs for a total active area of 4 mm2 using only KOH release 

As it can be seen in figure 2.24, combining DRIE and KOH wet etching allows defining 

larger active nanoporous area per Si chip. When considering a 6 x 6 mm2 Si chip on 

which 4 x 4 mm2 can be patterned (1 mm has to be left free between the border of the Si 

chip and the first aperture for handling reasons), an array of 3x3 NSiMs with total active 

area of 9 mm2 can be patterned when combining DRIE and KOH; an array of only 2x2 

NSiMs with total active area of 4 mm2 can be patterned when using only KOH wet 

etching. Table 2.8 shows theoretical values of the influence of the release technique 

used (only KOH wet etching and DRIE combined to KOH wet etching) on the maximum 
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NSiMs array and corresponding active area that can be patterned per Si chip depending 

on the lateral dimension of the active area of one NSiM of the array. 

Table 2.8 Theoretical calculation of the maximum active area that can be defined on a 4 x 4 mm2 surface 

depending on the release technique; only KOH wet etching and combining DRIE and KOH wet etching. 

Active area on 

front side 

µm2 

Side length of backside 

aperture  

µm 

Larger array possible Total active area 

 

mm2 

 
Release 

KOH 

Release 

KOH+DRIE 

Release 

KOH 

Release 

KOH+DRIE 

Release 

KOH 

Release 

KOH+DRIE 

10 x 10 790 280 5 x 5 13 x 13 0.0025 0.0169 

100 x 100 880 370 4 x 4 10 x 10 0.16 1 

1000 x 1000 1780 1270 2 x 2 3 x 3 4 9 

The second major advantage of combining DRIE and KOH wet etching compared to 

using only KOH wet etching for the full release of the suspended membranes is the 

decrease of the operational time. Combining DRIE and KOH wet etching 2 hours and 45 

minutes were needed for the complete release of NSiMs (1 hour for DRIE, 1 hour and 45 

minutes for 40% KOH at 60°C, figure 2.25 shows the KOH wet etching rate of <100> 

silicon at different temperatures [29]). In contrast a complete release through 390 µm 

of <100> silicon wafer using only KOH wet etching would take 19 hours and 30 minutes. 

On the batch fabrication of 8 wafers carried out in this work, combining DRIE and KOH 

for the release of the nanoporous suspended structure allowed the reduction of 

operational time by almost 10 hours compared to a release procedure employing only 

KOH wet etching. 
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Figure 2.25 Etch rate of <100> silicon in a 40% KOH solution depending on the temperature of the solution. 

(Adapted from [29]). 

The final release of the membrane is achieved through the wet etching of the front side 

SiO2 protective layer. In previous work done in our group, the front side was only 

protected before the KOH wet etch for the final release with ProTEK (Brewer Science, 

USA) which is a temporary protective coating which is resistant to KOH [21]. Issues 

were observed using the ProTEK layer, such as the delamination of the layer during 

KOH wet etching or final removal. Therefore SiO2 appeared to be a good protective layer 

and has been widely used in previous works because of its ease of deposition, removal 

and its low etch rate into KOH [43–45]. 
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Quality control 

The fabrication yield of NSiMs at wafer scale should be evaluated by performing a 

standard SEM analysis on each membrane of the wafer to detect major defaults and 

count the number of good and operational NSiMs. But non automated characterization 

in electron microscopy analysis remains time consuming and expensive. Therefore the 

fabrication yield of NSiMs at waferscale was estimated by only counting the number of 

broken membranes during the fabrication process. NSiMs used for diffusion and 

filtration experiments will be submitted to strong defect analysis with SEM before 

integration into microfluidic devices. An overall fabrication yield of 91.6% was 

achieved. Table 2.9 shows the detailed fabrication yield depending on the membrane 

size. Large NSiMs with active areas of 2.5 x 2.5 mm2 exhibit a poor fabrication yield of 

43.75% due to the low mechanical strength of such large suspended structure.  

Table 2.9 Fabrication yields of NSiMs of different lateral size displayed in various arrays on the Si chips. 

Lateral dimension of NSiM 

µm 

Array 

 

Total active area per chip 

mm2 

Fabrication yield 

% 

800 1 x 1 0.64 100 

800 3 x 3 5.76 96 

1000 1 x 1 1 100 

1000 2 x 2 4 96.58 

2000 1 x 1 4 94.67 

2500 1 x 1 6.25 43.75 

Filter makers widely use the bubble point testing technique to characterize the pore 

size rating of membranes [46,47]. This test method consists in wetting the membrane 

and filling the pores with a solvent, the membrane is then pressurized gradually with an 

inert gas until the solvent is pushed out. The gas pressure level at which the solvent 

from the largest pore is completely pushed out is called the bubble point, determining 

the maximum pore size. Since the bubble point is directly proportional to the solvent 

surface tension and inversely proportional to the membrane pore size, the bubble point 
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technique allows detecting large defects into the nanoporous suspended layer but again 

this technique is time consuming if not optimized to be performed at the wafer level. 

Such equipment was not available to be tested onto NSiMs. 

2.3.3 Preliminary conclusions 

Using the previously described optimized fabrication process, wafers carrying 160 Si 

chips with arrays of NSiMs of different sizes were successfully fabricated processing 

batch fabrication of 8 wafers. Several major issues encountered during the fabrication 

process such as the vertical etch stop of nanopores in LS-SiN due to high polymerization 

during the etching process or the removal of Cr residues have been discussed, 

understood and overcome. Figure 2.26 shows pictures of a wafer carrying 160 chips and 

cleaved Si chips carrying arrays of NSiMs of different lateral dimensions. 

 
Figure 2.26 Pictures of a) 4” wafer carrying 160 chips integrating NSiMs and b) Si chips carrying various 

arrays of NSiMs of different lateral dimensions. 
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2.4. Conclusions 

In this work we focused on optimizing procedures to develop a reliable and robust 

process combining block copolymer lithography and standard microfabrication 

techniques for the wafer scale batch production of nanoporous silicon nitride 

membranes. The mean diameter of the block copolymer micelles used as templating 

structure reflects the mean diameter of the nanopores in the suspended low stress 

silicon nitride layer. The nanopores in the final 200 nm thick suspended structure 

exhibit a diameter size distribution of 85 ± 15 nm, final characterization of the final 

NSiMs produced will be discussed in the next chapter. 

Using block copolymer lithography for the fabrication of NSiMs adds flexibility to the 

process since the starting micellar template has been demonstrated to be tunable in 

diameter and in density of micelles per surface area. The major critical parameter we 

identified for the fabrication of NSiMs using block copolymer micelles is the mean 

micelle height of 25-30 nm necessary to propose a resistant etch mask for the 

subsequent pattern transfer into amorphous silicon using DRIE. Obviously the 

monodispersity of the micelles as well as the homogeneity of the nanopattern obtained 

over 4 inches wafer after micelle deposition are also important issues to be considered. 

The standard UV photolithography allowed to pattern single nanoporous membranes as 

large as 2 x 2 mm2 with an overall batch fabrication yield above 90%.  
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Chapter 3  

Characterization of Nanoporous Silicon 

Nitride Membranes 

Abstract 

The characterization of the nanoporous silicon nitride membranes in terms of nanopore 

morphology, density and mechanical properties will be studied in this chapter. 

First, several techniques such as AFM, SEM working in STEM mode and TEM will be 

proposed to characterize the full opening of the nanopores through the 200 nm thick 

suspended low stress silicon nitride layer. The important parameters to be characterized 

are the mean nanopore diameter, the profile of the nanopores (vertical sidewalls) and the 

density of nanopores per surface area. 

Second, the produced membranes will be submitted to the bulge test in order to 

characterize the mechanical properties of the NSiMs depending on the lateral dimensions 

of the square active areas and the thickness. The bulge test is used to determine the 

maximum burst pressure of the membranes, the Young’s modulus and residual stress of the 

suspended layer analyzed. 

Finally, buckling problems that can appear during the fabrication process depending on 

the initial type of silicon nitride used will be discussed and a solution to overcome this issue 

will be proposed. 

  

83 
 



Chapter 3 – Characterization of NSiMs 

3.1. Characterization of nanoporous membrane morphological 

properties 

While processing the 8 wafers batch fabrication of silicon nitride nanoporous 

membranes, the nanoporous layer was not characterized systematically for each wafer. 

Especially regarding the dry etching of the nanopores into the low stress silicon nitride 

layer, only one wafer was sacrificed to confirm that the etching has been performed 

through the entire 200 nm thick LS-SiN layer. Reproducibility of the etching process was 

therefore supposed, and final characterization of several membranes from each wafer 

confirmed it and allowed us determining the final characteristics of the NSiMs namely 

the mean pore diameter and the pore density. 

3.1.1 Using Atomic Force Microscopy 

Experimental 

Front side AFM analysis 

The AFM tool used is a Dimension 3100 Atomic Force Microscope (Veeco Digital 

Instruments, USA) and the scanning parameters are identical as the one described in 

section 2.2.1. A single NSiM was placed on the AFM chuck previously cleaned with 2-

propanol. All the data acquired was processed using the Nanoscope Analysis software 

(Bruker, Germany), imageJ (National Institute of Health, USA) and Origin (OriginLab, 

USA). 

Back side AFM analysis 

Since the AFM tip cannot access into the 390 µm deep backside aperture to scan the 

backside of the suspended nanoporous area, the NSiM was stuck from the front side 

onto a double sided carbon adhesive tab usually used in SEM analysis. The Si chip was 

then peeled off with tweezers, leaving the suspended nanoporous area stuck from the 

front side onto the adhesive tab. Figure 3.1 shows a schematic representation of the 

procedure. The adhesive tab with the suspended area stuck on it was then submitted to 

strong oxygen plasma (O2 mass flow: 50 sccm; voltage bias: 260 V; forward power: 100 

W; process time: 10 minutes) with a Oxford Plasmalab 80+ machine in order to remove 
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all the acrylic glue of the adhesive tab that could have penetrate into the nanopores and 

alter the AFM analysis of the surface. AFM tool used and parameters of the analysis 

were the same as described earlier. 

 
Figure 3.1 Schematic representations of a) the sticking and b) peeling procedures of the Si chip carrying 

a NSiM to allow the access of the AFM cantilever and tip to the backside of the nanoporous area. 

Results and discussion 

Using AFM for scanning a nanoporous surface generally gives precise information about 

the mean diameter of the nanopores since the tip convolution artefacts do not alter the 

measurement of a structured surface with a negative profile compared to a structured 

surface with a positive profile. The depth of the nanopores cannot be defined by 

scanning only the frontside of the NSiMs because the AFM tip is not shaped properly to 

enter small apertures in the sub-100 nm range. By applying the procedure described 

earlier, the AFM analysis of the frontside and the backside of the active area of the NSiM 

has been performed; resulting AFM micrographs are shown in figure 3.2. When 

analyzing the backside of the membrane, this latter stuck on the adhesive tab was not 

perfectly flat. Therefore the plane fit tool used in the image processing software could 

not be as effective as on flat surface and the overall quality of the image was slightly 

altered. 
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Figure 3.2 AFM micrographs of the a) frontside and b) backside of the suspended nanoporous area. (max 

Z scale is 20 nm). 

Processing the data to obtain the mean density and size distribution of the diameter of 

the nanopores has demonstrated that the etching of the nanopores was performed 

through the entire 200 nm of low stress silicon nitride. The density of nanopores was 

calculated to be of 27 ±2 nanopores/µm2 and of 24 ± 2 nanopores/µm2 on the frontside 

and the backside, respectively. These values are in good agreement (within error bars) 

with the mean density of micelles used as starting template (28 ± 2 micelles / µm2) and 

demonstrated the complete opening of the nanopores through the 200 nm thick 

suspended membrane. The mean diameter obtained from the size distribution analysis 

(figure 3.3) shows that the nanopores present vertical sidewalls since the mean 

diameter was calculated to be of 83 ± 15 nm and 85 ± 15 nm for the frontside and 

backside, respectively. These values are in good agreement with the mean diameter of 

85 ± 15 nm of the micelles used as starting template.  

 

Figure 3.3 Size distribution of the mean diameter of the nanopores processed from a) 4 µm2 frontside 

and b) 4 µm2 backside AFM micrographs of the NSiM. 
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3.1.2 Using Scanning Transmission Electron Microscopy 

Experimental 

Procedure 

The Si chip carrying a NSiM was placed onto a holey aluminium substrate holder. The 

substrate holder was then placed on top of the back scattered electron detector and 

introduced into the chamber of the Philips XL30 ESEM (Philips). The acceleration 

voltage was set to 10 kV. All the data acquired was processed using imageJ (National 

Institute of Health, USA) and Origin (OriginLab, USA). 

Results and discussion 

A standard SEM cross section analysis can be performed to obtain this information but 

this technique is destructive and it remains difficult to obtain a clear image of a 200 nm 

thick and non-conductive free standing film. This latter issue was encountered in a 

previous work performed by Popa et al. who imaged 100 nm thick free standing 

nanoporous silicon nitride membrane after performing a cross section by focused ion 

beam (FIB) [1]. A recent study has also demonstrated the characterization of 

nanoporous membranes using field emission scanning electron microscopy (FESEM) 

[2]. This method employs narrower probing beams resulting in both improved spatial 

resolution and minimized sample charging effect. Finally, the internal geometry of 

nanopores can also be identified with an optofluidic method [3] but this technique 

requires reference data to characterize a given sample. 

The Scanning Transmission Electron Microscopy (STEM) mode works on the same 

principle as a standard Scanning Electron Microscope (SEM), where a focused beam of 

electrons is scanned over the sample to be analyzed while some signal is collected by a 

detector placed beneath the sample to form an image [4]. Transmission mode of 

imaging is possible because of the ultrathin specimen being scanned. Secondary or 

backscattered electrons can be used for imaging. In our case, a mobile back scattered 

electron detector is placed beneath the sample to collect transmitted electrons to 

control the full pore opening. Images obtained can be processed in a more reliable way 

to determine the mean diameter of the nanopores and if they are entirely opened. 
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Figure 3.4 shows the pictures taken in SEM mode detecting the secondary electrons and 

in STEM mode detecting the back scattered electrons with detector placed beneath the 

NSiM. Transmitted electrons showed the full opening of the nanopores and 

corroborated results previously obtained with AFM analysis. The information 

concerning the sidewall profile of the nanopores cannot be obtained with the STEM 

analysis.  

 
Figure 3.4 a) SEM and b) STEM pictures of the suspended nanoporous area. 

The difference in resolution and image contrast between the SEM and STEM images 

acquired was observed while processing both images to a size distribution analysis in order to 

determine the mean diameter of the final NSiMs. Figure 3.5 shows that the mean diameter 

obtained from the SEM data analyzed is of 112 ± 15 nm while the mean diameter obtained 

from STEM data is of 93 ± 15 nm, a value closer from the one obtained with AFM analysis 

performed in section 3.1.1 and in good agreement with the mean micelle diameter (85 ± 15 

nm) of the starting template (within error bars). The mean diameter calculated from the SEM 

picture (obtained with secondary electron) is larger compared to the mean diameter calculated 

from the STEM image (obtained with back scattered electrons) because of the global image 

contrast difference being lower, decreasing the precision of the image analysis. In addition, 

the mean nanopore density calculated from a 9 µm2 STEM image was of 27 ± 2 

nanopores/µm2, which is in very good agreement with the mean micelle density (28 ± 2 

micelles/µm2) of the starting template. 
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Figure 3.5 Size distribution of the mean diameter of the nanopores processed from a) 9 µm2 SEM 

picture and b) 9 µm2 STEM picture. 

3.1.3 Using Transmission Electron Microscopy 

Because Transmission Electron Microscopy (TEM) has a higher magnification power 

and greater resolution than Scanning Electron Microscopy (SEM), this technique will 

allow characterizing precisely both the mean pore diameter of the fabricated NSiMs but 

also the nanopores profile. 

Experimental 

The instrument used for this study is a Philips CM200 (FEI Company, USA) with 200kV 

accelerating voltage, with a maximum achievable resolution of 0.14 nm with ultrathin 

samples. The images may be taken digitally using a Peltier-cooled Tietz (TVIPS) 2k x 2k 

CCD camera mounted below the viewing chamber, or on electron image film, using the 

built-in plate camera. The instrument has a Philips Compustage for precise control of 

specimen holder/specimen movement. Top view images of the nanoporous area were 

taken as well as images taken by tilting the sample 40° to the surface normal to obtain a 

transparent view of the nanopores.  The sample preparation is quite delicate since the 

maximum size of the sample has to be a disk of 3 mm in diameter. The Si chip carrying a 

NSiM was cleaved manually to reach the adequate size to fit into the sample holder and 

precaution was taken for preventing any particles re-deposition during the cleavage 

operation. All the data acquired is processed using imageJ (National Institute of Health, 

USA) and Origin (OriginLab, USA). 
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Results and discussion 

In a Transmission Electron Microscope (TEM), a highly focused electron beam is 

accelerated towards the specimen to be analyzed. The electrons transmitted through 

the ultra-thin specimen form an image due to their interaction with the material of the 

specimen. TEM is widely used in the industrial world to characterize commercially 

available nanoporous membranes [5]. The images obtained with the TEM analysis 

(figure 3.6 a)) confirmed the full opening of the nanopores through the entire 200 nm 

thick low stress silicon nitride layer. The high resolution of the TEM analysis allowed 

the visualization of the sharp edges of the nanopores. A mean nanopore density of 25 ± 

2 nanopores/µm2 was calculated from a large 9 µm2 TEM picture, which is in good 

agreement within error bars with the mean micelle density of the starting template (28 

± 2 micelles/µm2) and previously described STEM analysis (27 ± 2 micelles / µm2). The 

images obtained while tilting the sample by an angle of 40° to the surface normal (figure 

3.6 b)) demonstrated the vertical sidewall profile of the nanopores since the high 

energy electrons were transmitted through the ultrathin specimen allowing to visualize 

a transparent image of the nanoporous low stress silicon nitride layer. Figure 3.6 c) 

shows a typical example of TEM analysis performed on a NSiM containing nanopores 

that were not completely opened (non-optimized etching process). This image was 

taken voluntarily where a large opened defect could be observed to compare the 

difference in image contrast between opened and non-opened parts. 

 
Figure 3.6 TEM a) top view and b) tilted view of the suspended nanoporous area demonstrating the 

vertical sidewall profile of the nanopores and c) example of TEM analysis performed on a NSiM with 

nanopores not completely opened. 

The size distribution analysis of the mean diameter of the nanopores shown in figure 

3.7 is probably the most precise analysis and the closest to the reality due to the high 

90 
 



Chapter 3 – Characterization of NSiMs 

resolution and high contrast TEM images obtained facilitating the image processing. A 

mean diameter of the nanopores of 92 ± 15 nm was calculated from a 9 µm2 TEM 

picture, in good agreement with the mean micelle diameter of the starting template (85 

± 15 nm). 

 

Figure 3.7 Size distribution of the mean diameter of the nanopores processed from 9 µm2 TEM picture. 
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3.1.4 Preliminary conclusions 

In section 3.1, three different techniques were used to characterize the final suspended 

nanoporous membrane, each having advantages and disadvantages summarized in 

table 3.1. 

First AFM analysis has allowed us to evaluate in a systematic manner the density of 

nanopores on both the frontside and the backside of the membranes and demonstrated 

that those values are in very good agreement with the one found in chapter 2 regarding 

the starting block copolymer micelle template. By detecting the back scattered electrons 

in STEM analysis has showed the full opening of the nanopores through the entire 200 

nm thick low stress silicon nitride layer and confirmed the pore diameter measured by 

AFM. Finally the vertical sidewall profile of the nanopores could be deduced from the 

AFM analysis and observed in detail with TEM. 

Table 3.1 Summary of the strengths and weaknesses of each characterization used for the porosity 

control. 

Porosity 

control 

technique 

Complexity of 

sample 

preparation 

Destructive Resolution 

Information 

on sidewall 

profile 

Time 

consuming 

AFM + + + YES + + YES + + 

STEM + NO + + NO + 

TEM + + + YES + + + YES + + + 

+ : low          + + : medium          + + + : high 
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3.2. Characterization of mechanical properties with the bulge 

test method 

The bulge technique has been widely used for the determination of in-plane mechanical 

properties such as the Young’s modulus, the residual stress or the Poisson’s ratio, of free 

standing membranes. The principle of the bulge test is to apply a variable uniform 

pressure on one side of the free standing film and measure the resulting deflection. This 

method was first introduced by Beams in 1959 [6], who tested thin films of gold and 

silver. This technique has been widely used for evaluating the mechanical properties of 

polymeric [7] and metallic [8] thin free standing films. 

More recently, extensive investigations have been carried out on silicon nitride 

membranes to characterize how their mechanical properties were depending on the 

deposition technique and deposition parameters used [9–15]. Mechanical properties of 

composite membranes made of stacked layers of different materials have also been 

studied using the bulge technique [16,17]. The bulge technique usually allows the 

evaluation of the mechanical properties of free standing tensile stressed layers. 

However, using composite membranes made of both a tensile stressed dominant SiN 

layer and a compressive stressed layer, the bulge technique allows also the 

characterization of the mechanical properties of the compressive stressed layers [18–

20]. The mechanical strength of suspended membranes has been demonstrated to be 

strongly dependent on the geometrical design such as the shape (round, square or 

rectangular) and the thickness [21–23]. Recently, efforts have been made to consolidate 

findings regarding the bulge test equations and propose rigorous experimental 

procedures to increase the reliability and accuracy of the bulge technique [24–27]. 

Orther et al. recently developed a high speed bulge test at waferscale [28] making this 

technique an interesting large scale characterization tool applicable to the industrial 

world. 

Young’s modulus and residual stress of thin films deposited on a bulk substrate can also 

be characterized respectively using the nano indentation and the substrate bending 

techniques, respectively. These techniques will be used in the following work to 

corroborate values found performing the bulge test on suspended membranes. The 

nano indentation tester uses an already established method where an indenter tip with 
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a known geometry is driven into a specific site of the material to be tested, by applying 

an increasing normal load. When reaching a pre-set maximum value, the normal load is 

reduced until partial or complete relaxation occurs. This procedure is performed 

repetitively; at each stage of the experiment the position of the indenter relative to the 

sample surface is precisely monitored with a differential capacitive sensor. The 

substrate bending technique consists in measuring the curvature radius of a substrate 

pre- and post- deposition of the thin film to be characterized and hence extract the 

residual stress of the thin film. Other techniques can be used to measure the stress in 

thin films such as Raman spectroscopy [29], Fourier transform infrared spectroscopy 

[30] and X-rays [31] but these technique require simplified assumptions about the film 

(e.g. microstructure, defect density) and might require a long sampling time during the 

analysis. 

3.2.1 Experimental 

Materials 

Nanoporous low stress silicon nitride membranes 

NSiMs fabricated and characterized as mentioned in the earlier section have been used. Focus 

was made on NSiMs with a side length of the active area of 1mm and 2mm. The membranes 

were 200 nm thick but 100 nm thick NSiMs were also produced to evidence the impact of the 

membrane thickness on their resulting mechanical stability. 

Non porous low stress and super low stress silicon nitride 

membranes 

Non porous low stress silicon nitride membranes were fabricated following the 

fabrication process as described in chapter 2 without considering the nanostructuring 

steps performed on the front side of the membranes. Membranes with a side length of 1 

mm and 2 mm with a thickness of 100 nm and 200 nm were fabricated to characterize 

the mechanical properties of the non-porous low stress thin film. Super low stress 

suspended silicon nitride membrane with the same geometrical values exhibiting 

buckling effect were produced and efforts were conducted to understand when the 

buckling phenomenon appears and how to avoid it. 
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Procedure 

Bulge test 

Using this method, pressure with N2 gas is applied to a thin film that has been clamped 

over a circular or square opening. Stable and continuous pressure is applied into the 

opening via a Alicat Scientific pressure control system (Alicat, USA) and pressure is 

monitored via a pressure sensor. The bulged surfaced topography of the specimen is 

observed directly using a Wyko Interferometer NT_1100 interference microscope (Veeco, 

USA). It is also useful to characterize the initial shape of the suspended membrane that 

should be perfectly flat before data acquisition. The pressure is generally increased step 

by step until bursting of the membrane, several load-unload pressure cycles can be 

performed to demonstrate the elastic deformation of the thin film being analyzed. The 

load-deflection behavior of the film allows the extraction of the biaxial modulus and in-

plane residual stresses using bulge equations. A schematic representation of the set-up 

used is represented in figure 3.8. 

 
Figure 3.8 Schematic representation of the bulge test set up integrating a NSiM  
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Nano indentation 

Several tests have been performed on the layers of interest deposited onto silicon wafer 

using the CSM Ultra Nano Indentation Tester UNHT (CSM instruments, Switzerland). 

Hardness and Young’s modulus were determined using the Instrumented Indentation 

Technique (IIT). For each loading/unloading cycle, the applied load value is plotted with 

respect to the corresponding position of the indenter. The resulting load/displacement 

curves provide data specific to the mechanical nature of the material under 

examination. Established models are used to calculate Young’s elastic modulus values. 

Specifications about the head used are summarized in Table 3.2. 

Table 3.2. Specifications of the nano indentation head 

Load application measurement: Piezo actuator / capacitive sensor 

Load range 0 – 50 mN (optional 100 mN) 

- fine range: 10 mN 

- standard range: 50 mN 

Load resolution 1 nN, noise floor ≈ 0.1 µN 

Minimum usable load 25 µN 

Maximum load 50 mN (optional 100 mN) 

Minimum contact force 0.1 µN (= noise floor) 

Contact force hold time unlimited 

Displacement measurement: differential capacitive sensor 

Displacement resolution 0.0004 nm, noise floor ≈ 0.03 nm 

Thermal drift ≈ 0.5 nm / min 

Maximum indentation depth - fine range: 10 µm 

- standard range: 100 µm 

Maximum indenter travel range 100 µm 

Typical measurement time 

Less than 5 minutes including first measurement on a  new sample 

No thermal stabilization is required after loading of a new sample 

Indentation performances 

Loading rate From 0 to 1000 mN / min 

Usable load From 0.025 to 100 mN 
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Measurement of residual stress from the substrate bending 

The stress in the thin films deposited onto Si wafers is measured using a FLX-2320S 

(Toho Technology, Japan). The FLX-2320S determines stress by measuring the 

curvature change of pre- and post-deposition of the film. This difference in curvature is 

used to calculate stress by way of Stoney’s equation (Eq 3.1) [32], which relates the 

biaxial modulus of the substrate 𝐸𝑠 (1 − 𝜈𝑠)⁄ , thickness of the film 𝑡𝑓 and substrate 𝑡𝑠, 

and the radius of curvatures of pre- and post-process, 𝑅𝑝𝑟𝑒 and 𝑅𝑝𝑜𝑠𝑡, respectively. 

Curvature is measured by directing a laser at a surface with a known spatial angle. The 

reflected beam strikes a position sensitive photodiode. The geometry of the film is 

recorded by scanning the surface. Figure 3.9 shows the schematic representation of the 

principle of curvature measurement. 
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Figure 3.9 Schematic representation of the principle of curvature measurement. 

  

97 
 



Chapter 3 – Characterization of NSiMs 

3.2.2 Results and Discussion 

Extracting the mechanical properties of non-porous and porous 

suspended thin film 

The bulge test was first performed on non-porous low stress silicon nitride membranes 

with a side length of 1270 µm and fitted with Eq. 3.2 in order to determine the 

mechanical properties of the non-porous suspended film [6]. 

𝑃 = 𝐶1𝑡
ℎ
𝑎2
𝜎 + 𝐶2𝑡

ℎ3

𝑎4(1 − 𝜈)𝐸 (3.2) 

 𝑃 is the differential pressure applied during the bulge test, 𝐶1 and 𝐶2 are constants 

discussed in the literature with variable values for thin square films, here the constants 

values used are 3.04 and 1.473(1 − 0.272𝜈), respectively [7], and the Poisson’s ratio 𝜈 

for a low stress silicon nitride suspended thin film was chosen to be of 0.23 [12]. 𝑡 

represents the thickness of the suspended thin film, 𝑎 is half the side length of the 

square thin film and ℎ is the deflection of the membrane at a given pressure. 𝜎 and 𝐸 are 

the residual stress and the Young’s modulus of the suspended square thin film, 

respectively, to be extracted when fitting the experimental data obtained with the bulge 

equation. Figure 3.10 shows the load-deflection curves until burst pressure obtained 

with the bulge test on 1270 x 1270 µm2 non porous LS-SiN membranes exhibiting a 

burst pressure of 960 mbar (= 9.6 × 104 Pa); and 1270 x 1270 µm2 LS-SiN membranes 

with a porous area of 1000 x 1000 µm2 (non-porous frame of 135 µm wide) exhibiting a 

burst pressure of 575 mbar (= 5.75 × 104 Pa).  
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Figure 3.10 Load-deflection curves fitted with the bulge equation to determine the Young’s modulus and 

residual stress of a) Non porous 1270 x 1270 µm2 suspended LS-SiN layer and b) 1270 x 1270 µm2 

suspended LS-SiN layer with 1000 x 1000 µm2 of porous area. 

The values of the Young’s modulus and the residual stress obtained from the fitting of 

the bulge data with the bulge equation (Eq. 3.2) for the non-porous suspended LS-SiN 

layer are in good agreement with the values found by performing the nano indentation 

and the substrate bending techniques (Stoney’s equation) giving the values of the 

Young’s modulus and residual stress, respectively. The nano indentation performed on 

the LS-SiN layer gave a Young’s modulus of 𝐸 = 219 ± 2.7 GPa, while the value 

extracted from the bulge test was of 𝐸 = 210.78 ± 2.2 GPa. The pre- and post-

deposition wafer bending analysis gave back a residual stress of 𝜎 = 155.70 MPa while 

the value extracted from the bulge test was of 𝜎 = 162.97 ± 7.38 MPa. Therefore the 

bulge test itself and the bulge equation used for the characterization of the mechanical 

properties of non-porous suspended layer appeared to be enough accurate and can be 

trusted for extraction of the mechanical properties of other membranes (with different 

geometrical properties or made of a different material). 

When applying the same bulge test characterization and data processing to 1 mm2 

suspended nanoporous membrane surrounded by a 135 µm wide non-porous 

suspended frame, values of the Young’s modulus and the residual stress of the overall 

structure are 130.75 ± 1.23 GPa and 83.15 ± 4.31 MPa, respectively. These values are 

not representative of the mechanical properties of the porous area only and therefore 

could not be confirmed using nano indentation or substrate bending techniques. Indeed 

the particular design of our NSiMs is integrating both a suspended central porous area 

and a surrounding non-porous frame. In other groups studies have been made to 
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evaluate the impact of the porosity on the mechanical properties of thin films using 

nano indentation [33–35] and substrate bending [36,37] techniques. First, Kovacs et al. 

studied the influence of a non-porous frame surrounding the porous area by FEM 

analysis and demonstrated that the larger is the frame, the higher is the mechanical 

stability of the membrane [38]. In a more quantitative study, Van Rijn et al. proposed a 

linear relationship to calculate the mechanical properties of porous suspended thin 

films using the mechanical properties of closed membranes and the perforation rate 𝑃 

of the porous thin film (the perforation rate being the ratio of the perforated area over 

the total area) [39]. This linear relationship is described as follows: ( )PEEeff −= 1   and 

( )Peff −= 1σσ  where 𝐸 and 𝜎 refer to the Young’s modulus and the residual stress of 

the non-perforated material, respectively. Unfortunately this model does not take into 

account the influence of a non-porous suspended frame surrounding the nanoporous 

area; therefore in our case the obtained values could not be properly fitted with this 

linear relationship depending only on the perforation rate. Because of the targeted 

application involving the integration of NSiMs into pressure driven filtration devices we 

decided from this point to consider the maximum burst pressure as the key parameter 

to be quantified precisely for each membrane design. 

Influence of the side length and thickness of the NSiM on 

mechanical strength 

Two controllable design parameters can improve the mechanical strength of the NSiMs. 

These two parameters are the membrane thickness and the side length. These 

parameters can be chosen prior the fabrication of the NSiMs. To demonstrate the 

improvement of the mechanical strength by increasing the thickness and reducing the 

membrane side length, NSiMs with a thickness of 100 nm and 200 nm and a square 

nanoporous area of 1 x 1 mm2 and 2 x 2 mm2 (with a 135 µm wide non porous frame) 

each have been fabricated and submitted to the bulge test. Figure 3.11 shows the load-

deflection curve until burst pressure of NSiMs with different thicknesses and different 

side lengths. The bulge test was processed several times on identical NSiMs in order to 

obtain a standard deviation error due to experimental procedure. The burst pressure of 

1 x 1 mm2 and 100 nm thick NSiMs was found to be of 370 ± 90 mbar (= 3.7 × 104 Pa) 

while it was measured to be of 671 ± 125 mbar (= 6.71 × 104 Pa) for a 1 x 1 mm2 and 
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200 nm thick NSiMs. The burst pressure of 2 x 2 mm2 NSiMs with thicknesses of 100 nm 

and 200 nm was found to be of 225 ± 60 mbar (= 2.25 × 104 Pa) and 350 ± 110 mbar 

(= 3.5 × 104 Pa), respectively. Therefore, increasing the membrane thickness and 

reducing the side length of the square nanoporous suspended structure increases the 

mechanical strength of the NSiMs. 

 
Figure 3.11 Load-deflection curves of NSiMs with different side lengths and thicknesses (all the NSiMs 

are surrounded with a 135 µm wide non porous frame). 
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3.3. Buckling in suspended membranes 

Buckling issues generally arise in thin suspended structures from the residual stress of 

the thin film being compressive or not high enough when it is tensile. The buckling of 

suspended structures is mostly considered as a failure phenomenon in the fabrication 

process of membranes used in optics or filtration, but studies have also taken advantage 

of this phenomenon to voluntarily produce buckled membranes used as thermo-

actuated microvalves, micropumps or switches [40–45]. Most of the time buckling is an 

undesired effect that can be avoided with a specific device design or fabrication process 

[46–48]. Few studies were made to understand and characterize the mechanical and 

thermal buckling configurations [49–51] and to evaluate directly the mechanical 

properties of buckled membranes [52,53]. The tensile stress in the suspended structure 

should be sufficient to prevent buckling [16]. Tensile-stressor overlayers can be 

considered in order to suppress the buckling of compressive stressed layers and 

evaluate the mechanical properties of the overall composite suspended structure with 

the bulge test [18–20].  

In this work, buckling was mostly observed when fabricating 200 nm thick non-porous 

silicon nitride membranes using super low stress silicon nitride (SLS-SiN) with a value 

of the tensile stress 𝜎 < 100 MPa given by the provider (SiMat, Germany). Figure 3.12 

shows images of the buckling observed with an interference microscope on non-porous 

SLS-SiN suspended membranes with a side length of 1270 µm. An unbuckling procedure 

using tensile stressor overlayers of Al2O3 deposited by atomic layer deposition has been 

developed and will be discussed further. 

 
Figure 3.12 a) Top view and b) 3D reconstruction images taken with an interference microscope of the 

buckling observed on a 200 nm thick SLS-SiN non porous suspended membrane with a side length of 

1270 µm. 
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3.3.1 Experimental 

Atomic Layer Deposition (ALD) of Al2O3 

Deposition of Al2O3 onto nanoporous and non-porous suspended membranes was 

performed with ALD tool Beneq TFS 200 (Beneq, Finland). ALD allows deposition of 

highly conformal and ultrathin (< 1 nm up to few hundreds of nm) dielectric or metallic 

layers. The deposition is performed at 200°C and under vacuum (5 mbar). The 

deposition process layer by layer of Al2O3 is achieved by the successive introduction of 

two chemical precursors (H2O and TMA) in the reactor. N2 purge steps are performed 

after introduction of each precursor to remove the excess of chemical introduced and 

leave only a monolayer. A full cycle allowing the deposition of a single monolayer of 

Al2O3 (≈ 1.1 Å) takes approximately 3 seconds and involves the following steps: 

1 - TMA precursor is pulsed in the reactor chamber and reacts with surface by 

chemisorption with hydroxyl groups from the native oxide surface of the sample 

(Al(CH3)3 (g) + Si-O-H (s) -> Si-O-Al(CH3)2 (s) + CH4). The product of the reaction is CH4. 

2 - Purge of the reactor chamber with N2 for removal of the excess of TMA and methane 

reaction product. 

3 - H2O precursor is pulsed into the chamber and reacts with the surface (2 H2O (g) + Si-

O-Al(CH3)2 (s) -> Si-O-Al(OH)2 (s) + 2 CH4). 

4 - Final purge of the reactor with N2 for the removal of methane reaction product. 
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3.3.2 Results and Discussion 

An unbuckling procedure has been developed by creating a non-porous composite 

suspended membrane made of 200 nm of SLS-SiN and 20 nm of Al2O3 deposited in a 

conformal way by Atomic Layer Deposition (ALD), making the final suspended structure 

240 nm thick. Depositing Al2O3 on the membrane increases the overall tensile stress of 

the structure, making the membrane flat again as it can be seen in Figure 3.13. 

The Young’s modulus of the ALD Al2O3 layer was characterized by nano indentation and 

the residual stress by the substrate bending technique; those values were found to be of 

𝐸𝐴𝑙2𝑂3 = 238.1 ± 12.9 GPa and 𝜎𝐴𝑙2𝑂3 = 326.8 MPa, respectively, in good agreement 

with the values that can be found in the literature [54–57]. 

 
Figure 3.13 Image taken with an interference microscope of the composite membrane flattened after the 

conformal deposition of 20 nm of Al2O3 by ALD. 

Eq 3.3 describes a simple rule of mixtures that can be used to calculate the mechanical 

properties of the composite structure in which 𝑀𝑖  is either the residual stress or the 

Young’s modulus of the composite, and 𝑡𝑖 𝑡𝑡𝑜𝑡𝑎𝑙⁄  the volume fraction of the component 𝑖. 

𝑀𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒 =
𝑡𝑆𝐿𝑆−𝑆𝑖𝑁
𝑡𝑡𝑜𝑡𝑎𝑙

𝑀𝑆𝐿𝑆−𝑆𝑖𝑁 +
𝑡𝐴𝑙2𝑂3
𝑡𝑡𝑜𝑡𝑎𝑙

𝑀𝐴𝑙2𝑂3 (3.3) 
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Since the bulge test has been demonstrated previously to be a reliable technique to 

determine the mechanical properties of non-porous suspended thin films, the flat 

composite non-porous membrane with a side length of 1270 µm made of 200 nm of 

SLS-SiN and 40 nm of Al2O3 was submitted to the bulge test and a value of 𝜎 = 121.39 ±

2.39 MPa was found for the residual stress of the composite suspended structure. In 

addition, the elastic behaviour of the suspended structure was confirmed by performing 

a load-unload cycle on the same sample. The membrane returned to its initial state 

without residual deformation after a load-unload cycle. Figure 3.14 shows the results of 

the bulge test performed on the composite membrane with a first load until a 

differential pressure of 525 mbar (= 5.25 × 104 Pa), and a second load cycle until burst 

pressure at 925 mbar (= 9.25 × 104 Pa). The curves superpose without hysteresis 

demonstrating the elastic deformation of the suspended membrane. 

 
Figure 3.14 Load-deflection curve until bursting of the 1.27 x 1.27 mm2 composite membrane made of 

200 nm of SLS-SiN and 40 nm of Al2O3 with a first load cycle until 525 mbar (= 5.25 × 104 Pa). 

Knowing the residual stress of both the Al2O3 and global composite layers, the rule of 

mixtures (Eq. 3.3) can be applied to calculate the residual stress of the SLS-SiN layer and 

was found to be of 𝜎𝑆𝐿𝑆−𝑆𝑖𝑁 = 74.69 MPa (which is in good agreement with the 

approximate value given by the provider). From this starting value, the critical residual 

stress 𝜎𝑐𝑟 necessary to unbuckle and keep flat the 200 nm thick SLS-SiN suspended 
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membrane can be found by depositing an Al2O3 layer nanometer by nanometer, 

measuring the vertical deflection of the unpressurized structure with an interference 

microscope and applying the mixtures rule until complete flatness is reached. Figure 

3.15 shows the vertical deflection of the composite membrane measured with an 

interference microscope depending on the thickness of Al2O3 deposited in a conformal 

way by ALD on the starting buckled non porous 200 nm thick SLS-SiN suspended 

membrane with a side length of 1270 µm. 

 
Figure 3.15 Plot of the max deflection of the unpressurized composite SLS-SiN / Al2O3 membrane 

depending on the thickness of Al2O3 deposited by ALD in a conformal way on the starting buckled 200 nm 

thick SLS-SiN suspended membrane with a side length of 1270 µm. (Plot fitted with a sigmoidal 

Boltzmann model) 

The full unbuckling of the membrane was achieved when depositing 5 nm of Al2O3 on 

both sides of the membrane. Using the mixture rule, the minimum critical tensile 

residual stress needed in a 200 nm thick and 1.27 x 1.27 mm2 non porous membrane 

was calculated to be of 𝜎𝑐𝑟 = 86.69 MPa. Increasing the tensile stress of the initial 

buckled 200 nm thick SLS-SiN non porous suspended membrane by 12 MPa was enough 

to reach complete flatness. 
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The unbuckling procedure by deposition of Al2O3 could then be successfully applied to 

buckled NSiMs (porous) fabricated with SLS-SiN. Figure 3.16 shows the vertical 

deflection of the composite membrane measured with an interference microscope 

depending on the thickness of Al2O3 deposited in a conformal way by ALD on the 

starting buckled 200 nm thick SLS-SiN suspended membrane with a 1 mm2 porous area 

surrounded by a 135 µm wide non porous suspended frame. In that case, full 

unbuckling of the nanoporous membrane was achieved when depositing 6 nm of Al2O3 

on both sides of the membrane. The critical stress necessary to flatten the membrane 

could not be calculated since the rule of mixture cannot be applied to our system made 

of a suspended porous layer surrounded by a non-porous frame. Simultaneously, this 

unbuckling procedure will induce a pore size reduction and a change in the material 

chemistry. This part will be discussed in the next chapter concerning the membrane 

functionalization. 

 
Figure 3.16 Plot of the max deflection of the unpressurized composite SLS-SiN / Al2O3 nanoporous 

membrane depending on the thickness of Al2O3 deposited by ALD in a conformal way on the starting 

buckled 200 nm thick SLS-SiN suspended membrane with a 1 mm2 porous area surrounded by a 135 µm 

wide non porous suspended frame. (Plot fitted with a sigmoidal Boltzmann model) 
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3.4. Conclusions 

In this chapter was discussed the full characterization of previously fabricated 200 nm 

thick NSiMs in terms of pore opening, pore morphology and mechanical properties. 

AFM, STEM and TEM analysis were conducted onto NSiMs to successfully characterize 

the morphology and complete opening of the nanopores. Performing an AFM analysis 

on the front side and the back side of the suspended nanoporous layer allowed 

determining the mean pore diameter, the pore density and the complete opening of the 

nanopores by correlating the measures performed on both sides of the membranes. The 

STEM analysis has allowed us to confirm the full opening of the nanopores but no 

information could be obtained on the nanopore morphology. The TEM analysis 

performed allowed determining both the full opening of the nanopores and the 

nanopore profile with a higher resolution compared to AFM and STEM analysis. In 

summary our NSiMs present a mean nanopore density per surface area of 25 ± 2 

nanopores/µm2 and a mean nanopore diameter of 92 ± 15 nm. These values are in good 

agreement with the ones of the original micellar nanopattern exhibiting a mean micelle 

density per surface area and mean nanopore diameter of 28 ± 2 nanopores/µm2 and 85 

± 15 nm, respectively. The reliability and reproducibility of the fabrication process was 

thus confirmed and final specifications of the NSiMs were determined. 

The mechanical properties of porous and non-porous suspended membranes such as 

the Young’s modulus and the residual stress were obtained using the bulge technique. 

For non-porous suspended membranes, values obtained were confirmed by nano-

indentation and substrate bending technique, demonstrating the accuracy and 

reliability of the bulge test. The maximum pressure the membranes can withstand was 

also measured, and the increase of the mechanical strength of the suspended 

nanoporous layer has been demonstrated by reducing the square membrane side length 

and increasing the membrane thickness. Typically for a 200 nm thick non-porous 

square membrane with a side length of 1270 µm and the corresponding 1 mm2 porous 

membrane surrounded by a 135 µm wide non-porous suspended frame, maximum 

burst pressures of 960 mbar (= 9.6 × 104 Pa) and 671 ± 125 mbar (= 6.71 × 104 Pa) 

were found, respectively. 
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Buckling of ultrathin suspended square membrane has been observed when fabricating 

nanoporous and non-porous super low stress silicon nitride membrane. Flattening of 

both membranes types was achieved by depositing by ALD a tensile-stressor overlayer 

of Al2O3 to reach an overall tensile stress of the composite structure superior to the 

minimum critical tensile stress necessary to avoid buckling in the suspended structure. 

For both 200 nm thick non-porous super low stress silicon nitride membranes with a 

side length of 1270 µm and the corresponding 1 mm2 porous membrane surrounded by 

a 135 µm wide non-porous suspended frame, complete flatness was reached after 

depositing 5 nm and 6 nm of Al2O3, respectively.  
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Chapter 4  

Functionalization of Nanoporous Silicon 

Nitride Membranes 

Abstract 

In this chapter will be discussed the surface modification of nanoporous silicon nitride 

membranes in terms of material deposition for pore size reduction and surface 

modification via silanization and the grafting of responsive polymer chains. 

First, Atomic Layer Deposition will be used to deposit in a conformal way Al2O3 onto the 

NSiMs to reduce the pore size of the nanoporous membrane. The mean nanopore diameter 

will be systematically characterized after the different pore size reductions to confirm the 

homogeneity and conformity of the deposition technique employed. In addition, the pore 

size reduction with Al2O3 induces a change of the surface chemistry that will be 

characterized by XPS. 

Second, a successful method for the grafting-to in melt of thermo-responsive PNIPAM 

chains onto NSiMs will be reported. The successful grafting of PNIPAM brush layer will be 

characterized by XPS analysis, the characteristics of the grafted PNIPAM layer (surface 

coverage, grafting density, and distance between grafting sites) will be calculated from the 

ellipsometric measurements of the dry PNIPAM film. 

Finally the thermo-responsive behaviour of the grafted PNIPAM brush layer will be 

demonstrated using in situ nano indentation technique and in situ AFM analysis. Cell 

adhesion/detachment experiments using PNIPAM functionalized NSiMs will be conducted 

to demonstrate the ability of these smart nanosurfaces to be used for cell culture 

applications.
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4.1. Pore size reduction (PSR) with Atomic Layer Deposition of 

Al2O3 and modification of surface chemistry 

The deposition of material to achieve the pore size reduction of membranes has been 

reported using techniques such as Chemical Vapor Deposition based techniques, 

allowing a non-conformal pore size reduction  with material mostly deposited both at 

the inlet and outlet of the pores but not along the sidewalls [1]. 

Atomic Layer Depostion (ALD) allows the deposition of a wide class of materials in an 

extremely conformal way on plane or nanostructured surfaces [2–5]. This technique 

consists in depositing one single atomic layer at a time based on the principle of 

dissociative chemisorption of a precursor molecule onto the surface or structure. ALD is 

a self-limiting technique in the sense that the amount of a material deposited after each 

reaction cycle is constant. Tailoring porous membrane features such as the mean pore 

size and density has attracted interest over the past two decades especially in the field 

of molecular separation. The ability to tune the nanopore size post- membrane 

fabrication allows producing size selective sieving membranes depending on the 

specific needs without modifying the membrane fabrication processes. Because of the 

accurate film thickness control, excellent conformity and uniformity, ALD is an 

interesting technique to modify the morphology of nanoporous materials. ALD has been 

widely used for the pore size reduction of mesoporous silica membranes by deposition 

of SiO2, TiO2, Al2O3, demonstrating the tuning of the mean nanopore size and the 

selective reduction of defective pores [6–8]. The pore size reduction technique using 

ALD has also been extensively used and demonstrated onto commercially available 

nanoporous alumina membranes [9–15], nanoporous silicon surfaces fabricated by E-

beam [1] and nanoporous polymeric membranes [16]. Several techniques derived from 

ALD have also been developed, such as Catalyzed Atomic layer Deposition (C-ALD) and 

vacuum-assisted vapour deposition (VVD). C-ALD is a technique derived from standard 

ALD using the appropriate catalyst to promote the surface reaction and reduce the 

reaction temperature, it has also been used to reduce the mean pore size of mesoporous 

silica membranes [17,18]. Recently, Jambhrunkar et al. proposed a facile VVD technique 

to reduce the pore size of mesoporous silica at the angstrom precision [19]. The pore 

size reduction of membranes by grafting different kinds of polymers has also been 
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reported using the plasma polymerization [20], Reversible Addition-Fragmentation 

chain Transfer (RAFT) polymerization [21] and Atom Transfer Radical Polymerization 

(ATRP) [22]. 

Depositing a material by ALD onto a nanoporous substrate of a different nature can 

change the surface properties and influence the molecular transport through the 

membrane due to different surface charges [12], chemical selectivity [11] or improved 

hydrophobicity [16]. The characterization of the pore size reduction performed by ALD 

onto a nanoporous membrane is generally done using AFM [20,23], SEM [15,20], TEM 

[15,16], gas permeance measurements [7,17], or with more complicated set up systems 

such as in situ FTIR [9] or in situ ellipsometric porosimetry measurements [8] for real 

time monitoring of the thickness deposited. 

In the following section will be described the procedure to reduce the pore size of 

NSiMs by ALD of Al2O3 with control over the precision of the thickness deposited at the 

nanometer level. Characterization of the openings of the nanopores and the thickness of 

Al2O3 deposited will be performed using TEM. The chemical composition of the layer 

deposited will be characterized by XPS to confirm the stoichiometry of the Al2O3 coating 

by looking at the respective atomic concentrations.  

117 
 



Chapter 4 – Functionalization of NSiMs 

Experimental 

Atomic Layer Deposition (ALD) of Al2O3 

Deposition of Al2O3 onto nanoporous suspended membranes was performed with ALD 

instrument Beneq TFS 200 (Beneq, Finland). The deposition is performed at 200°C and 

under vaccum (5 mbar). The deposition process layer by layer of Al2O3 is achieved by 

the successive introduction of two chemical precursors (H2O and TMA) in the reactor. 

N2 purge steps are performed after introduction of each precursor to remove the excess 

of chemical introduced and promote the formation of Al2O3 monolayer. A full cycle 

allowing the deposition of a single monolayer of Al2O3 (≈ 1.1 Å) takes approximately 3 

seconds. 

Transmission Electron Microscopy (TEM) analysis 

The instrument used and the parameters of analysis are the same as described in 

chapter 3 section 3.1.2. 

X-ray Photoelectron Spectroscopy (XPS) of the Al2O3 coating 

The XPS instrument used for the surface analysis and the detection of amide groups 

composing the backbone of the PNIPAM is a XPS/ESCA KRATOS AXIS ULTRA equipped 

with a concentric hemispherical analyser. The spectra were acquired using a 

monochromatic Al Kα X-ray radiation source operating at 15kV and 150W in ultra-high 

vacuum (base pressure of 10-9 mbar) with the electrons emitted at 60° to the surface 

normal. The acquired data were processed using the CasaXPS software. A 10 x 10 mm Si 

chip coated with 200 nm of low stress SiN and 20 nm of Al2O3 deposited by ALD will 

serve as reference sample on which the XPS measurements will be performed.  

118 
 



Chapter 4 – Functionalization of NSiMs 

Results and Discussion 

Pore Size Reduction (PSR) of NSiMs by Atomic Layer Deposition 

(ALD) of Al2O3 

The accuracy of the thickness deposited by ALD has been confirmed by calibrating the 

equipment prior deposition onto NSiMs. The calibration has been performed by 

depositing 100 nm of Al2O3 on a 4 inches silicon wafer; the thickness of the deposited 

film was measured by ellipsometric measurement at different positions onto the wafer 

and has been demonstrated to be conformal with an error estimated to be of ± 2%. 

Reducing the pore size of the NSiMs is expected to modify the device’s properties 

regarding the cut-off of the membranes when used in size-selective molecular 

separation experiments. The PSR of NSiMs has been performed by ALD of different 

thicknesses typically 20 nm, 30 nm and 40 nm of Al2O3 requiring 182, 273 and 364 ALD 

deposition cycles, respectively. 

Figure 4.1 shows the TEM pictures of the NSiMs after PSR, the conformal deposition of 

Al2O3 can be observed. Size distributions graphs could not be computed from these 

images because of the contrast difference between the initial porous layer, the inner 

structure of the pore where only Al2O3 has been deposited and the opened part. 

Therefore areas with large defects were observed when possible in order to visualize 

and measure directly from the top view TEM pictures the thickness of Al2O3 deposited 

on the sidewalls. The nanopores were still characterized to be opened after the 

deposition of 20 and 30 nm of Al2O3 (Figure 4.1 b) and c)), meaning a pore size 

reduction of the initial 85 ± 15 nm nanopore diameter by 40 and 60 nm, respectively. 

However, after deposition of 40 nm of Al2O3 (figure 4.1 d)), most of the nanopores are 

closed. In addition, the TEM analysis of the NSiMs after the PSR revealed an irregular 

inner structure. (figure 4.1 b)). This latter is due to the initial irregular round shape of 

the nanopores being increased when reducing its size. Reducing the pore size also 

reduces the overall porosity of the NSiMs, affecting the molecular transport properties. 

This part will be discussed in the next chapter. 

119 
 



Chapter 4 – Functionalization of NSiMs 

 
Figure 4.1 TEM pictures of NSiMs a) before the PSR, with PSR with ALD of b) 20 nm c) 30 nm d) 40 nm of 

Al2O3. 

The XPS analysis of the 20 nm thick Al2O3 film deposited by ALD shown in figure 4.2 

revealed only oxidized Al 2p peak and O 1s peak typical of metal oxide.  The XPS spectra 

of the Al 2p and O 1s core-level reveals peaks at the binding energies of 74.8 eV and 

531.4 eV, respectively, being the characteristic values of the Al-O bonds. The atomic 

concentrations calculated from the XPS measurements (using the area under the curves 

of corresponding peaks) reveal a concentration in Al and O of 39.74% and 60.26%, 

respectively. Therefore, stoichiometric Al2O3 film growth by ALD has been confirmed. 

Al2O3 is a hydrophilic material while SiN is hydrophobic, the modification of the surface 

chemistry can be considered to enhance the diffusional properties of NSiMs. 
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Figure 4.2 Al 2p and O 1s core-level XPS spectra recorded for a 20 nm thick Al2O3 layer grown by ALD. 

(arbitrary units are used for y axis) 
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4.2. Grafting of poly(N-isopropylacrylamide) onto nanoporous 

silicon nitride membranes 

Over the past two decades, stimuli-responsive polymers, or so called « intelligent » or 

« smart » polymers have attracted the interest of many research groups because of their 

amazing properties allowing these materials to observe a conformational morphological 

change in the polymer grafted layer upon variation of an external parameter in their 

environment [24–27]. The external stimulus can be a variation in the temperature 

[28,29], pH [30], electric potential [31], or light [32]. Poly(N-isopropylacrylamide) 

(PNIPAM), a thermo-responsive polymer, is of particular interest because it has been 

well demonstrated that this polymer observe a reversible morphological change upon 

temperature variation. A sharp lower critical solution temperature (LCST) of 32°C in 

pure water has been evidenced by Heskins and Guillet [33] which is close to the 

physiological conditions temperature, making this polymer very interesting for 

biomedical applications. The thermo-responsive behaviour of the PNIPAM chains has 

been extensively studied and is now well understood, it is now admitted that below the 

LCST the PNIPAM chains form an expanded swollen structure because the PNIPAM 

chains are hydrated by the surrounding water molecules, this state is known as the 

“expanded coil” shape of the PNIPAM chains. Above the LCST, the PNIPAM chains 

collapse to a so called “globule” shape because the hydrogen bonds between the amide 

groups composing the backbone of the PNIPAM and the surrounding water molecules 

are suppressed (formation of H-bonds with adjacent side groups). 

PNIPAM functionalized surfaces, micro/nanostructured substrates, or particles find 

many applications in cell culture [34–36], sensing [37–39], or controlled drug delivery 

[40,41]. This work will mostly focus on PNIPAM grafted onto micro/nanoporous 

membranes [22,41–58] to obtain a control over the permeability of the membranes for 

the diffusion and filtration of (bio)molecules. PNIPAM has been grafted onto various 

porous membranes made of different materials such as polyethylene terephthalate 

[22,43,54,57] (PET), polytetrafluoroethylene [44] (PTFE), polycarbonate track etch [49] 

(PCTE), polyethylene [45,56] (PE), anodic aluminium oxide [46] (AAO), Nylon-6 [42,47], 

copper mesh film [53], silicon [52], polypropylene [48] (PP). PNIPAM grafted films can 

be prepared according to different methods, a commonly used and well-described 
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technique is the plasma polymerization technique [42,45,48,56,59,60] in which a 

precursor gas is broken into ions, free electrons, radicals and neutral fragments that are 

all involved in the recombination of these fragments into plasma polymers on the 

surface of the substrate [61]. Another well-known and described technique in the 

literature allowing the PNIPAM polymer chains to grow directly from the substrate is 

the atom transfer radical polymerization (ATRP). ATRP has been successfully used to 

grow PNIPAM chains on different types of substrate with a precise control over 

molecular weight with narrow molecular weight distribution and grafting density 

[22,49,62–67]. An alternative method consisting in grafting covalently end-

functionalized polymers in the molten state (above the glass transition temperature of 

the polymer) to a suitable functional surface has been demonstrated by Luzinov et al. in 

order to obtain a high grafting density [68]. This method is called “grafting to” in melt 

technique unlike ATRP which is a “grafting from” technique. This grafting under melt 

process allows a better access of the polymer chains to the functional surface for 

covalent binding. Densely packed PNIPAM brush layers were successfully grafted on 

functional surfaces [52,69] and their thermo-responsive behavior has been 

demonstrated. The coil to globule morphological change of the PNIPAM brushes upon 

temperature variation depends strongly on the molecular weight of the chains and the 

grafting density [65,70,71]; the immobilized chains might not exhibit any morphological 

change if these two parameters are not suitable. In order to monitor the change in 

morphology of the PNIPAM brush layer from a swollen to a collapsed state, different 

methods have been used such as quartz crystal microbalance [72], surface plasmon 

resonance [73], neutron reflectivity [74], sum-frequency generation spectroscopy [75], 

atomic force microscopy [52,69,76–78] and attenuated total reflection Fourier 

transform infrared spectroscopy (ATR-FTIR) [52,79]. 

In this section we report a successful and easy method for grafting-to in melt PNIPAM 

chains onto nanoporous silicon nitride membranes (NSiMs). First, the successful 

grafting of PNIPAM brush layer was characterized by XPS analysis. Second, the 

characteristics of the grafted PNIPAM layer (surface coverage, grafting density and 

distance between grafting sites) were calculated from the ellipsometric measurements 

of the dry PNIPAM film. In addition, the thermo-responsive behaviour was 

demonstrated using in situ nano indentation technique and in situ AFM analysis in 
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liquid environment. Finally, we also demonstrated the possible use of our grafted 

PNIPAM layers for cell adhesion/detachment experiments. 

Experimental 

Materials 

Two different end-functionalized PNIPAM will be used in this study to be grafted onto 

NSiMs, carboxy-terminated (COOH) and amino-terminated (NH2). The anchoring layer 

allowing the grafting of the carboxy-terminated PNIPAM on the NSiMs is a self-

assembled monolayer (SAM) of glycidylpropyloxytrimethoxysilane (GPS, Sigma-Aldrich, 

Switzerland). The carboxy-terminated PNIPAM used has a molecular weight of 

Mw = 66 400 g/mol (referred as PNIPAM-COOH 66k in this work), a polydispersity index 

PI = 1.35 and was purchased from Polymer source (Canada). For the amino-terminated 

PNIPAM, the anchoring layer is obtained by silanizing the surface with 

isocyanatopropyltriethoxysilane (ICPES, Sigma-Aldrich, Switzerland) SAM. The amino-

terminated PNIPAMs used for the grafting (Polymer Source, Canada) have molecular 

weights of Mw = 66 000 g/mol and Mw = 50 500 g/mol referred to as PNIPAM-NH2 66k 

and PNIPAM-NH2 50k and PIs of 2.6 and 1.53, respectively. The solvents used for the 

grafting process, namely tetrahydrofuran (THF) and toluene were purchased from 

Sigma-Aldrich (Switzerland) and used as received. 

Substrate cleaning and activation 

The NSiMs used for grafting were cleaned in a piranha solution at 110°C (H2SO4/H2O2 

4:1) for 10 minutes and then rinsed in five consecutive bath of ultrapure deionized 

water (Milli-Q purification system from Millipore) and then dried with a nitrogen gun. 

(Caution: Piranha solution is strongly acidic and oxidizing, it should not be in contact with 

organic solvents because it can react in a violent way and explode, and therefore piranha 

solution must be handled with care). The piranha solution will eliminate the possible 

organic matter present on the surface of the NSiMs, it will also hydroxylate the native 

SiO2 layer on top of the low stress silicon nitride layer. Once the samples are cleaned 

and activated, if they are not used immediately for silanization, a short O2 plasma 

(100W, bias voltage 260V) for 10 minutes can be done to re-hydroxylate the surface just 

before silanization. 
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NSiMs silanization with ICPES and GPS (anchoring layer) 

The 6 mm x 6 mm silicon chips with the 1 mm x 1mm free standing nanoporous silicon 

nitride membrane at the center were immersed overnight (approx. 14 hours) in a 2 

vol% solution of ICPES in toluene or in a 1 vol% solution of GPS in toluene to create an 

anchoring layer for subsequent covalent grafting of PNIPAM-NH2 or PNIPAM-COOH, 

respectively. By proceeding to this liquid phase reaction, we obtain a self-assembled 

monolayer of the silane molecules. The NSiMs are then rinsed 4 times in a beaker with 

toluene (toluene changed every 4 hours) by stirring and finally dried with a nitrogen 

gun. 

Grafting-to by melt technique of PNIPAM onto NSiMs 

Solutions of PNIPAM-NH2 66k and PNIPAM-NH2 50k were prepared in ethanol with a 

concentration of 10 mg/mL each. Solutions of PNIPAM-COOH 66k were prepared in THF 

with a concentration of 10 mg/mL. The solutions are then filtered with a PVDF 0.45 µm 

syringe filter. Then 60 µL of solution is spin coated per NSiM at 2000 rpm for 25 

seconds with a SUSS MicroTec DELTA 6 RC BM spin coater, and the samples are held 

with an appropriate vacuum chuck designed especially for this purpose. The samples 

are then placed in an oven at 160°C for 12 hours. This temperature has been chosen 

higher than the glass transition temperature of the PNIPAM (133°C) but lower than the 

thermal degradation temperature of this polymer (350°C) [80]. The NSiMs are then 

thoroughly rinsed 2 times first in a THF bath for 1 hour in order to remove the non-

covalently grafted polymeric chains, then in Milli-Q water for 4 hours (water changed 

every hour), and finally dried with a nitrogen gun. 

Ellipsometric measurements 

The thickness of the dry PNIPAM films (PNIPAM-COOH 66k, PNIPAM-NH2 66k and 

PNIPAM-NH2 50k) was controlled with ellipsometric measurements on reference 

samples. The reference samples were typically 10 x 10 mm2 silicon chips coated with a 

200 nm thick low stress silicon nitride deposited by LPCVD, on which the same grafting 

protocol as the one performed on the NSiMs was carried out. The ellipsometric 

measurements have been performed using a spectroscopic ellipsometer (Jobin Yvon – 

Horiba HR460) in a range of wavelength from 270 nm to 1 700 nm at an angle of 
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incidence of 70°. The refractive index of the low stress SiN was obtained by linear 

regression and set to nSiN = 2.255, the one of the silanes GPS and ICPES was set to nsilane 

= 1.44, the one of the PNIPAMs to nPNIPAM = 1.501 [81]. The refractive index of the native 

silicon dioxide layer is nSiO2 = 1.447 and was set according to the literature mentioning 

the refractive index of ultrathin silicon dioxide layers deposited by atomic layer 

deposition (ALD) [82]. To proceed to measurements of this multistack layer, a 

multilayer model was used and is composed as followed, silicon nitride, silane (actually 

composed of the self-assembled monolayer of silane and the native oxide layer), and 

PNIPAM layer. 

X-ray Photoelectron Spectroscopy 

The XPS instrument used for the surface analysis and the detection of amide groups 

composing the backbone of the PNIPAM is a XPS/ESCA KRATOS AXIS ULTRA equipped 

with a concentric hemispherical analyser. The spectra were acquired using a 

monochromatic Al Kα X-ray radiation source operating at 15kV and 150W in ultra-high 

vacuum (base pressure of 10-9 mbar) with the electrons emitted at 60° to the surface 

normal. The acquired data were processed using the CasaXPS software. 

Nano-indentation of PNIPAM brush layers in liquid environment 

A Nanowizard II AFM (JPK Instruments, Germany) mounted on an Axiovert 200 

inverted optical microscope (Carl Zeiss, Germany) has been used. A Petri dish heater 

(JPK Instruments, Germany) allowed performing the nanoindentation in liquid 

environment by controlling the temperature with a precision of ± 0.1°C. 500 μm long 

silicon tipless cantilevers (Arrow TL1, Nanoworld, Switzerland) with a nominal spring 

constant of 0.03 N/m were used for all indentation measurements. Arrow TL1 tipless 

cantilevers were modified (Novascan, IA) by gluing glass spheres (radius = 5 μm, 

Novascan, USA) to the end of each cantilever to give well-defined indenters. Force-

distance curves were acquired with an approaching and retracting speed of 2.0 μm/s 

until a maximum force of 15 nN was reached. Data analysis was carried out using Image 

Processing software (JPK Data Processing, JPK Instruments, Germany) to determine the 

contact point and evaluate the indentation depth. 

 

126 
 



Chapter 4 – Functionalization of NSiMs 

Contact mode AFM in liquid environment 

The same AFM instrument and temperature controller were used as for the nano-

indentation. The AFM probe used is a CSC37 silicon cantilever (lever B) without any 

aluminium coating (Mikromasch, Estonia). The tip curvature radius is less than 10 nm, 

the stiffness is k = 0.3 N/m. A force of 10 nN applied by the tip on the surface was 

determined to be ideal for imaging the three kinds of grafted PNIPAM onto the NSiMs 

(PNIPAM-COOH 66k, PNIPAM-NH2 66k and PNIPAM-NH2 50k). The line scan rate was of 

1 Hz. All the experiments were carried out in standard deionized water. The acquired 

data were processed using the software JPK data processing. 

Attachment and detachment of cells on PNIPAM functionalized 

NSiMs 

The human osteosarcoma cell line, Saos-2, was obtained from American Type Culture 

Collection (VA, USA) and was maintained in continuous culture in McCoy’s 5A medium 

(Sigma, MO, USA) supplemented with 10% heat-inactivated standardized fetal bovine 

serum (Biochrom AG, Germany), 50 units/ml of penicillin (Sigma, MO, USA), 50 μg/ml of 

streptomycin (Sigma, MO, USA) and 1.5 mM of L-glutamine (Sigma, MO, USA) at 37°C in 

a humidified 5% CO2 atmosphere. Cells were detached from their culture dishes by 

incubating with a solution of 2.5 g/l trypsin and 0.38 g/l of ethylenediaminetetraacetic 

acid (EDTA) for 5 min. The dissociated cells were seeded on a bare NSiM and 

functionalized NSiMs and incubated for 24 h to allow the cells to spread and their 

adhesion proteins to be renewed. Cell detachment experiments were conducted at both 

37°C (above the LCST) and 23°C (below the LCST). 
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Results and Discussion 

Fabrication of PNIPAM-grafted NSiMs 

The grafting of three different PNIPAM was conducted under melt onto previously 

coated functional Self Assembled Monolayers (SAMs). In contrast to standard grafting 

techniques often conducted in solution and involving the covalent binding of polymer 

chains to surface functional groups, the under melt approach allows the preparation of 

thin polymer films with higher grafting densities and brush-like structures that 

represent the 2 main conditions to preserve the responsive properties of the grafted 

polymer chains. The grafting to under melt technique has been extensively used to graft 

different polymers onto silicon based substrates [68,83,84]. By heating the coated films 

above the polymer glass transition temperature the under melt grafting process enables 

PNIPAM end groups to easily access and react with the reactive SAMs. However the 

process should be conducted below the polymer thermal degradation temperature [80]. 

In previous papers we reported simple under melt grafting protocols for the tethering 

of carboxy- and amine-terminated PNIPAM brushes onto both silicon based substrates 

and gold thin film. It resulted in the formation of uniform, dense and responsive 

PNIPAM films which the temperature-induced chain conformational changes could be 

demonstrated by Atomic Force Microscopy investigations in liquid environment and 

Fourier transform infrared spectroscopy (FT-IR) enhanced by Single-Beam Sample 

Reference attenuated total reflection method (SBSR-ATR) [52,69]. 

In this work similar under melt grafting processes have been used and adapted to the 

freestanding structure of our ultrathin nanoporous membrane. First carboxy-

terminated PNIPAM-COOH 66k has been covalently grafted onto 

glycidylpropyloxytrimethoxysilane (GPS) functionalized membranes. After an annealing 

step at 170°C of the spin coated polymer on the GPS-coated NSiMs the functionalized 

membrane has been thoroughly rinsed with water/THF and DMF in order to remove 

the nonconvalently grafted polymeric chains.  

In parallel the grafting of amino-terminated PNIPAM-NH2 (50k and 66k) was carried 

out by spin coating PNIPAM-NH2 solutions onto isocyanatopropyltriethoxysilane 

(ICPES) functionalized membranes. Here also the coated membranes were then 
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annealed at 160°C and thoroughly rinsed with THF and Milli-Q water. A schematic 

representation of the chemical reactions involved during this grafting procedure is 

shown in Figure 4.3. 

 
Figure 4.3 Schematic representation of the chemical reaction between a) the surface with native oxide 

and hydroxyl  groups and b) ICPES silane, and the reaction between c) the silanized surface and d) the 

amino-terminated PNIPAM. 

The characterization of the successful grafting of PNIPAM onto NSiMs has been 

performed using X-Ray Photoelectron Spectroscopy (XPS) to analyze the chemical 

composition of grafted surfaces. The XPS spectra of PNIPAM-NH2 functionalized 

reference SiN samples following the same grafting procedure as on NSiMs are shown in 

Figure 4.4. For the C 1S core-level, the typical fingerprint of the amide groups 

composing the backbone of the PNIPAM were recorded at 286.12 eV (C-N) and 287.92 

eV (C=O). For the O 1S core-level, two main peaks are recorded at 532.94 eV (O-Si) and 

531.3 eV (C=O) and for the N 1S core-level peaks at 398.5 eV (Si-N) and 399.75 eV (C-N) 

are recorded. From the above data, it has been confirmed that PNIPAM has been 

successfully grafted onto the SiN reference surface. 
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Figure 4.4. C 1S, O 1S and N 1S core-level XPS spectra recorded for PNIPAM –NH2 50k functionalized 

reference SiN samples. (arbitrary units are used for y axis) 

To monitor the surface functionalization with silane SAMs as well as the subsequent 

grafting of carboxy or amine terminated PNIPAM, ellipsometry measurements have 

been performed in ambient condition on 1 cm2 Si chips coated with 200 nm of LS-SiN 

deposited by LPCVD reference substrates that have been processed to the grafting 

procedure under similar conditions as for NSiMs. The ellipsometric thicknesses of the 

functional SAMs are reported in Table 4.1 (column A). The stack composed of the GPS 

layer and the native oxide layer thickness was thus found to be 2.5 nm. The stack 

composed of the ICPES layer and native oxide layer thickness was measured to be 3.8 

nm. The native oxide layer is well known to be approximately 1 nm thick [85], therefore 

the thickness of the GPS layer and the ICPES layer were calculated to be of 1.5 nm and 

2.8 nm, respectively. The thicknesses of the functional SAMs are greater than the ideal 

supposed thicknesses of one single monolayer for each silane. This might be explained 

explained by the formation of several monolayers due to the silane deposition without 

strict humidity control [86]. 

The ellipsometric thicknesses of the different dry PNIPAM brush layers are also 

reported in Table 4.1 (column B). The thickness of the dry PNIPAM-NH2 66k brush layer 

is lower than the one of the PNIPAM-NH2 50k indicating already a low grafting density 

for the first one mentioned, probably due to its high polydispersity index [87,88]. 

Grafted chains in close proximity to each other forces the chains to stretch away from 

the surface, therefore the grafting density is directly linked to the dry brush layer 

thickness. 

130 
 



Chapter 4 – Functionalization of NSiMs 

Table 4.1 Ellipsometric measurements of dry PNIPAM on silanized SiN reference surfaces.a 

PNIPAM type 

Ellipsometric thickness (nm) 

A 

(silane and native oxide) 

B 

(PNIPAM layer) 

COOH 66k 2.5 15.7 

NH2 66k 3.8 6.8 

NH2 50k 3.8 7.5 

a (A)Thickness of the corresponding silane (GPS for PNIPAM-COOH and ICPES for PNIPAM-NH2) and native 

oxide layer; (B) thickness of the grafted PNIPAM layer on reference samples. 

In order to evaluate the conformation of the PNIPAM grafted layers on NSiMs, several 

grafting parameters including surface coverage 𝑆 (g/m2), the grafting density 𝜎 

(polymer chains/nm2) and the average distance between grafting sites 𝐷 (nm) have 

been calculated using Eqs. 4.1 - 4.3 [68] With h the previously measured PNIMAM film 

thickness, ρ  the density of the dry PNIPAM film considered to be 1.27 g/cm3 [89], NA the 

Avogadro’s number and Mn the number-average molecular weight of PNIPAM chains. 

hS ρ=  (4.1) 
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The PNIPAM chain conformation in the grafted layer in a good solvent (water in this 

case) can be deduced by evaluating the ratio between the distance separating two 

adjacent grafting sites (𝐷) to the Flory radius (𝑅𝑓) of the unperturbed chains. If the 

degree of stretching 𝐷/2𝑅𝑓 is >1, then the PNIPAM layer can be considered loosely 

grafted, whereas when 𝐷/2𝑅𝑓 is <<1, it is characteristic of strongly stretched chains that 

form polymer brushes [88]. The Flory radius can be calculated from Eq. 4.4, with 𝑏 the 
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length of the statistical segment, which was assumed to be 0.3 nm for flexible polymers 

[88] and 𝑁 is the number average degree of polymerization. It is also interesting to have 

a look at the calculation of the theoretical length of the swollen PNIPAM chains 𝐿 (nm) 

using Eq. 4.5 proposed by Alexander and De Gennes [90,91] which is valid for tethered 

polymer chains in a good solvent with 𝑀 and 𝑀0 the average polymer and monomer 

molecular weight, respectively. The calculated values of 𝑅𝑓  and 𝐿 do not take into 

account the polydispersity index of the polymers, which can be pretty high in some of 

the cases studied here (e.g. PI of PNIPAM-NH2 66k is 2.6). 
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Table 4.2 Grafting parameters calculated for the tethered PNIPAM brush layer.b 

PNIPAM type ℎ 𝑆 𝜎 𝐷 𝑅𝑓 𝐷/2𝑅𝑓 𝐿 

(nm) (g/m2) (chains/nm2) (nm) (nm)  (nm) 

COOH 66k 15.7 0.0168 0.152 2.89 13.76 0.105 38.93 

NH2 66k 6.8 0.00728 0.0664 4.38 13.71 0.16 29.34 

NH2 50k 7.5 0.00803 0.0957 3.65 11.67 0.156 25.36 

b ℎ is the dry PNIPAM film thickness measured by ellipsometry, 𝑆 the surface coverage calculated from (1), 𝜎 

is the grafting density calculated from (2), 𝐷 is the average distance between two grafting sites calculated 

from (3), 𝑅𝑓 is the Flory radius deduced from (4), 𝐷/2𝑅𝑓  is the degree of stretching of the PNIPAM chains, 

and 𝐿 is theoretical length of the swollen PNIPAM chains extracted from the Alexander – De Gennes model. 

From those data we can confirm that all the different PNIPAM studied are in the brush 

layer conformation since 𝐷/2𝑅𝑓 is <<1, and exhibit grafting densities comparable to 

what can be find in the literature [22,52,71]. 

The successful grafting of the different PNIPAM layers was thus evidenced by 

characterizing the chemical composition of the surface by XPS analysis and the 

characteristics of the PNIPAM layers have been calculated from the ellipsometric 
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measurements of the dry PNIPAM films on flat reference samples. In the next section 

experiments will be conducted to observe the thermo responsive behaviour of the 

grafted PNIPAM brush layers 

Observation of the thermo-responsive morphological change of the 

grafted PNIPAM brush layer 

Nano-indentation is usually performed to determine the elastic modulus of “hard 

surfaces” or “soft” polymeric materials [92] based on a load-penetration data analysis. 

In this precise case, the nano-indentation of ultrathin PNIPAM brush layer was used to 

visualize the difference in penetration depth between the swollen and collapsed state of 

the PNIPAM brush layer  depending on the temperature of the liquid medium (Figure 

4.5). 

The load-penetration curve of a non-functionalized surface showed in Figure 4.5 a) 

served as a reference to identify the nano-indentation of “hard” surfaces. The nano-

identation performed at 38°C on each type of PNIPAM grafted layer confirmed the 

collapsed state conformation of the brush layer with a very small penetration depth 

measured after the contact point with the surface. Indeed, these load-penetration 

curves obtained are similar to the reference load-penetration curve of “hard” surfaces. 

The morphological change was evidenced for each type of PNIPAM (COOH 66k, NH2 

66k, NH2 50k) by acquiring the load-penetration curves at 23°C when the PNIPAM 

brush layers are swollen. Unfortunately, the difference in penetration depth measured 

between the collapsed and swollen state could not be correlated with the theoretical 

values of the chain length calculated with Eq. 4.5. The values obtained for the thickness 

of the swollen PNIPAM COOH 66k brush layer (Figure 4.5 b)) were up to 3-4 fold larger 

than the theoretical values. Several studies attributed this phenomenon to both the 

steric repulsion of the PNIPAM brush layer when approaching the AFM probe and 

repulsive contributions due to Van der Walls interactions [76,89]. Popa et al. attributed 

the increase of the repulsive thickness to the interaction between the AFM tip and the 

unreacted epoxy groups of the silane generating carboxylic groups [93]. In our case, the 

high repulsive thickness measured for the PNIPAM COOH 66k compared to the PNIPAM 

NH2 66k (Figure 4.5 c)) and the PNIPAM NH2 50k (Figure 4.5 d)) brush layer is 

explained by a higher grafting density and a better monodispersity of chain length. 
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Therefore the combined steric and electrostatic repulsive interactions are increased for 

this specific PNIPAM brush layer. Data obtained can only be interpreted qualitatively as 

the elastic properties modification of the PNIPAM brush layers upon temperature 

variation, indicating the thermo-responsive collapse of the grafted PNIPAM brush 

layers. 

 
Figure 4.5 Load-penetration curves at room temperature and 38°C of a) a bare reference NSiM, NSiMs 

grafted with b) PNIPAM COOH 66k, c) PNIPAM NH2 66k and d) PNIPAM NH2 50k. 

In addition, the morphological change from a hydrated state (below LCST of 32°C) to a 

dehydrated state (above LCST) of the PNIPAM chains grafted onto the NSiMs has also 

been observed with an atomic force microscope in liquid environment by monitoring 

the variation of the pore morphology. Figure 4.6 shows the AFM micrographs of the 

nanoporous surface grafted with different PNIPAM below and above the LCST. Figure 

4.6 a) and b) show a difference in topography of the PNIPAM COOH 66k brush layer 

upon temperature variation. This phenomenon is attributed to the collapse of the chains 

above the LCST forming compact globules increasing the surface roughness making the 

imaging of the nanopores more difficult. The same phenomenon has been observed in 

previous studies [89,93]. No drastic difference in topography below and above the LCST 
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has been observed for both the PNIPAM NH2 66k (Figure 4.6 c) and d)) and 50 k (Figure 

4.6 e) and f)) functionalized NSiMs. This latter was explained by the fact that these 

brush layers are composed with shorter chain lengths and lower grafting densities. 

Therefore these characteristics induce a less compact globular shape above the LCST 

and less dense brush layer below the LCST allowing an easier access of the AFM tip 

between the chains. It has been demonstrated that in case of low grafting density and 

short chain length, the morphological transition might not occur [65,71]. The qualitative 

results obtained can be correlated with the previous ones obtained by the nano-

indentation of the PNIPAM brush layers grafted onto the NSiMs, with an evident 

thermo-responsive collapse of the PNIPAM COOH 66k brush layer. 

 
Figure 4.6 2µm x 2µm  AFM scans of NSiMs immersed in water and grafted with PNIPAM-COOH 66.4k at 

a) 23°C and b) 38°C, PNIPAM-NH2 66k at c) 23°C and d) 38°C, PNIPAM-NH2 at e) 23°C and f) 38°C. 
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Detachment of cells from PNIPAM functionalized NSiMs 

PNIPAM based smart surfaces have been used for cell sheet tissue engineering for the 

treatment of damaged or diseased organs [34–36]. NSiMs grafted with different 

PNIPAM layers (COOH 66k, NH2 66k and NH2 50k) were used in a cell 

adhesion/detachment experiment to demonstrate the ability of these smart surfaces to 

be used for cell culture. Functionalized NSiMs were placed in a culture medium during 

one day in an incubator at 37°C, allowing cells to adhere onto the surface. When the 

samples in the culture medium were taken out of the incubator, the attachment of the 

cells onto the surface has been controlled with an optical microscope. Then, after 20 

minutes of cooling down to room temperature (23°C), the functionalized NSiMs are 

again observed at the same place and the cell density compared to the one observed at 

37°C. Figure 4.7 a) and b) show the attachment of cells onto a non-functionalized NSiM 

at 37°C and 23°C, respectively. No major difference is observed in cell density 

demonstrating that there is no effect of the temperature onto the adhesion of cells onto 

bare NSiMs. PNIPAM COOH 66k (Figure 4.7 c) and d)) and PNIPAM NH2 66k (Figure 4.7 

e) and f)) demonstrated a good ability to detach the cells from the membrane when 

lowering the temperature down to 23°C below the LCST of the PNIPAM. The cell density 

is considerably lowered when the PNIPAM brush layer is in the swollen state allowing 

the cells to be pulled off the surface. Therefore the responsiveness of these two grafted 

layers has been demonstrated due to a good compromise between the grafting density 

and chain length. Whereas the PNIPAM NH2 50k brush layer (Figure 4.7 g) and h)) could 

not detach the cells upon temperature variation, with a cell density almost equal at 37°C 

and 23°C. No responsive behaviour of this polymer could be demonstrated with this 

experiment due to short chain length. The results obtained with the cell adhesion 

experiments upon temperature variation correlate the previous results obtained by 

nano-indentation and AFM analysis in liquid environment demonstrating a good 

thermo-responsive behaviour of PNIPAM COOH 66k and NH2 66k brush layers. 
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Figure 4.7 Optical microscope images of cells on NSiMs at 37°C and 23°C for a) b) bare NSiM, NSiM 

grafted with c) d) PNIPAM-COOH 66k, e) f) PNIPAM-NH2 66k and g) h)PNIPAM-NH2 50k. 
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4.3. Conclusions 

In this chapter was presented the membrane surface modification in terms of pore size 

reduction using Atomic Layer Deposition (ALD) and by grafting thermo-responsive 

polymer poly(N-isopropylacrylamide) chains (PNIPAM).  

Pore size reduction and induced modification of the surface chemistry of the NSiMs was 

achieved by depositing in a conformal way Al2O3 by Atomic Layer Deposition. The pore 

size reduction was characterized by Transmission Electron Microscopy (TEM) and the 

resulting surface chemical composition by X-ray Photoelectron Spectroscopy (XPS). The 

ability to tune the pore size will allow tuning the cut-off of the NSiMs for size selective 

molecular separation experiments. This latter will be demonstrated in the next chapter 

by characterizing the diffusional properties of NSiMs with different mean nanopore size. 

The grafting of thermo-responsive PNIPAM brush layers has been achieved by the 

grafting to in melt technique of different end functionalized PNIPAM (COOH and NH2). 

The successful grafting has been confirmed by proceeding to XPS measurements to 

detect the typical fingerprint of amide groups composing the backbone of the PNIPAM 

chains. The characteristics of the grafted PNIPAM brush layer (e.g. grafting density, 

distance between grafting sites, theoretical chain length) were calculated from the 

ellipsometric measurements of the dry PNIPAM film. 

The thermo responsive behavior of the grafted PNIPAM brush layers has been 

demonstrated by proceeding to in situ nano indentation and AFM imaging in liquid 

environment. These qualitative experiments allowed visualizing a difference in the nano 

indentation depth and a change in surface topography upon temperature variation. 

PNIPAM COOH 66k brush layer demonstrated the best ability to switch from swollen to 

collapsed state. All the PNIPAM grafted NSiMs (COOH 66k, NH2 66k and NH2 50k) were 

used in cell detachment experiments where only NSiMs functionalized with long chains 

(COOH 66k and NH2 66k) were able to detach the cells from the surface when lowering 

the temperature below the LCST. From these experiments, the stronger conformal 

morphological change of the brush layer from swollen to collapsed state was observed 

for PNIPAM COOH 66k and NH2 66k functionalized NSiMs. Based on these results, only 

NSiMs functionalized PNIPAM COOH 66k and NH2 66k will be integrated into a diffusion 

cell to demonstrate the controlled diffusion of molecules upon temperature variation.  
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Chapter 5  

Evaluation of Molecular Transport 

Properties of NSiMs 

Abstract 

In this chapter the NSiMs will be integrated into a specifically designed diffusion device 

and the molecular transport properties of modified NSiMs will be studied. 

First, the ability to tune the molecular transport properties of NSiMs with the pore size 

reduction technique described earlier will be demonstrated. The diffusion coefficient of 

fluoerescein molecules across NSiMs with different mean pore size will be measured and 

the results discussed. Size-based separation experiments using fluorescein-isothiocyanate-

dextrans (FITC-dextrans) of different molecular weights will be conducted to demonstrate 

the ability to perform precise size-based filtration experiments with NSiMs. 

Second, PNIPAM COOH 66k and PNIPAM NH2 66k NSiMs modified with the grafting 

protocol described in the previous chapter will be used in molecular transport 

experiments. The reversibility and reproducibility of the thermo-responsive behaviour of 

the PNIPAM modified NSiMs for the controlled diffusion of vitamin B12 molecules will be 

demonstrated. 

Finally, diffusion experiments with FITC-dextrans of different molecular weights across 

PNIPAM-COOH 66k modified NSiM will be conducted. These experiments will allow 

determining the cut-off value of the membranes below the lower critical solution 

temperature when the nanopores are supposedly closed. The temperature-controlled 

nanovalve behaviour (ON-OFF) will be demonstrated for molecules with a hydrodynamic 

radius superior to 3 nm. 
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5.1. Molecular transport through NSiMs with different pore 

size 

The main goal of these experiments was to show the ability to tune the molecular 

transport properties of NSiMs using the pore size reduction (PSR) technique. This latter 

has been demonstrated by measuring the variation in the diffusion coefficient of 

fluorescein molecules across NSiMs with different mean pore size. Diffusion 

experiments were carried out using a specifically designed polycarbonate fluidic cell 

composed of a donor (D) and an acceptor (A) chamber (Figure 5.1). After proceeding to 

the PSR and characterization using Transmission Electron Microscopy (TEM) analysis, 

the NSiMs with different mean pore size are sealed in between the two chambers. In all 

the diffusion experiments, only the steric hindrance (contribution of the pore geometry 

and the size of the molecules) of both the non-functionalized and functionalized 

nanopores will be discussed. All the electrostatic interactions due to both the surface 

and molecule charges will not be considered. 

 
Figure 5.1 Specifically designed polycarbonate fluidic cell for diffusion experiments. 
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The diffusion coefficient of a solute across a flat membrane can be calculated using an 

equation derived from Fick’s first law of diffusion. Fick’s first law of diffusion described 

in Eq. 5.1 states that the diffusion rate of substance dtdm  in moles per unit of time, is 

proportional to the surface area of diffusion 𝐴 in m2, the diffusion coefficient D in m2/s 

and the concentration gradient which is the rate of change in the concentration c with 

distance 𝑥 in an isotropic medium [1]. 

dx
dcDA

dt
dm

−=  (5.1) 

Applying this law to our system for the transport of molecules from the donor to the 

acceptor chamber through the NSiM we can write Eq. 5.2 where Va and Ca are the 

volume and the concentration in the acceptor chamber, respectively; X is the membrane 

thickness, A the nanoporous area, D the apparent diffusion coefficient and ΔC the 

difference between 𝐶𝑎 and 𝐶𝑑 being the concentration between the acceptor and donor 

chamber, respectively (Eq. 5.3). 

X
CDA

dt
dC

V a
a

∆
−=  (5.2) 

da CCC −=∆  (5.3) 

Since only the intermediary concentration in the acceptor chamber Ca is monitored, it is 

necessary to express the gradient of concentration ΔC as a function of Ca and Ci (being 

the concentration in the acceptor chamber and the initial concentration in the donor 

chamber, respectively), Va and Vd (being the volume in the acceptor and donor 

chambers, respectively) only. To do so we can write Eq. 5.4 and use it with Eq. 5.3 to 

obtain Eq. 5.5. 
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ΔC in Eq. 5.2 can now be replaced with Eq. 5.5 to obtain the following expression (Eq 

.5.6): 

dCa
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Xdt
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a −
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1
 

(5.6) 

This resulting expression can now be integrated (Eq. 5.7) and the diffusion coefficient 

can now be extracted and expressed as written in Eq. 5.8, with Cta the intermediary 

concentration at time t in the acceptor chamber. A similar equation has been used in 

previous diffusion and permeation experiments to calculate the diffusion coefficient [2–

6]. 
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In all the diffusion experiments, plots of ( ) ( )( )[ ]daitaad VVCCVV +−+− 11ln11  versus t 

(from Eq. 5.8) show a straight line. The slopes K of these plots are used to calculate the 

diffusion coefficient using Eq. 5.9. 

𝐷 = 𝐾
𝑋𝑉𝑑
𝐴

 (5.9) 
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5.1.1 Experimental 

Materials 

NSiMs with different mean pore diameter achieved with the pore size reduction 

technique will be used for diffusion experiments. Fluorescein sodium molecules were 

purchased from Sigma-Aldrich (Switzerland). Fluorescein-isothiocyanate coupled to 

dextran polymers of various molecular weights (4’000, 10’000, 20’000 and 40’000 

g/mol referred as FITC-dextran 4k, 10k, 20k and 40k respectively) were purchased 

from TdB Consultancy (Sweden). Deionized water (18.2 MΩ, Milli-Q, Millipore) was 

used throughout the experiments. 

Molecular transport across NSiMs 

Diffusion experiments were carried out using a polycarbonate fluidic cell composed of a 

donor (D) and an acceptor (A) chambers. In brief, the NSiM is sealed between the two 

chambers. The chamber D is filled with 1mL of a concentrated solution of the chosen-

analyte in water and A is filled with 1mL water and both chambers are stirred 

continuously. The initial concentrations were set at 0.5 mmol/L for fluorescein sodium, 

FITC-dextran 4k, 10k, 20k and 40k. The effective area of diffusion is 1 mm2. The 

transport rate and the diffusion coefficient of fluorescein and FITC-dextrans molecules 

across the modified NSiMs are obtained by monitoring the increase of the fluorescent 

signal versus time in the acceptor chamber with a monochromator spectrophotometer 

(TECAN Infinite M200, Switzerland) with the excitation wavelength set at 480 and 493 

nm for fluorescein molecules and FITC-dextrans, respectively. Calibration curves were 

constructed for each molecule using a series of standard solutions with different known 

concentrations in order to obtain a correlation between the normalized fluorescent 

signal and the concentration. The emission wavelength is set at 520 nm for all 

molecules. The diffusion coefficient is deduced from these measurements using an 

equation derived from Fick’s first law of diffusion (Eq. 5.8).  
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5.1.2 Results and Discussion 

Variation of the diffusion coefficient as a function of the mean pore 

size 

The concentration gradient in these experiments is the driving parameter creating a flux 

of water molecules down the gradient. The magnitude of this flux depends both on the 

magnitude of the concentration gradient and the diffusive properties of the NSiMs 

represented by the diffusion coefficient D. The NSiMs were submitted to the pore size 

reduction technique (described in the previous chapter), with a conformal deposition of 

material at the nanometer scale. NSiMs with different mean pore size were used in 

diffusion experiments described in the experimental section.  Figure 5.2 shows the 

measured diffusion coefficient of fluorescein sodium molecules (hydrodynamic radius 

of 0.5 nm) across the different NSiMs. The diffusion coefficient evolves linearly with the 

mean pore size, from D=2.63.10-13 to 1.52.10-12 m2/s in average for a mean pore size of 

10 nm and 90 nm, respectively. The values obtained for the diffusion coefficient are 

comparable to what can be found in the literature for commercially available 

nanoporous silicon membranes with mean pore sizes equivalent to the ones of our 

NSiMs [7]. 

 
Figure 5.2 Diffusion coefficients of fluorescein sodium molecules across NSiMs with different mean pore 

size and thickness obtained with the pore size reduction technique. 
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The decrease in the diffusion coefficient of fluorescein sodium molecules across NSiMs 

with the decrease of the mean pore size can be explained by the effect of solute size on 

the rate of penetration through pores expressed by the well-known Renkin Equation 

(Eq. 5.10). In the Renkin equation the first term represents the exclusion of solute from 

the pores of the membrane based on geometrical considerations; the second term 

represents the additional hydrodynamic drag of the solute molecules due to the 

proximity of the pore walls [8–11]. The Renkin equation is representative of steric 

interactions only between the molecules and the nanopores. Rs/Rp is the ratio of the 

solute hydrodynamic radius to nanopore radius, Dm/D0 is the ratio of the diffusion 

coefficient inside the porous channel and the free diffusion coefficient of the same solute 

calculated with the Stoke-Einstein equation (Eq. 5 .11) function of kB the Boltzmann’s 

constant, T the absolute temperature, µH2O the viscosity of water and rs the Stokes-

Einstein radius of the molecule [3,12,13].  
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 In our case, the values obtained could not be properly fitted with the Renkin equation 

because the value obtained for the diffusion coefficient are considerably small due to 

both the steric hindrance of the pores and the electrostatic hindrance due to the charges 

involved between the molecules transported and the pore walls [14]. A common 

technique used to screen the long range electrostatic interactions is to conduct the 

diffusion experiments in a solution of high ionic strength (e.g. 0.1 M NaCl) [15]. In this 

thesis the influence of the electrostatic interactions between the molecules and the pore 

walls were not considered but can be the main topic of further investigations regarding 

the surface functionalization chemistry that can influence positively or negatively the 

diffusion of molecules regarding the length of the electric double layer [16]. 
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Size-based filtration with NSiMs with a mean pore diameter of 10 

nm 

NSiMs with a minimum mean pore size of 10 nm in diameter achieved by PSR were used 

in diffusion experiments in order to demonstrate the ability of these NSiMs to be used in 

size-based filtration experiments. This mean pore size was the minimum achievable 

before the clogging of most of the nanopores due to their wide size distribution before 

pore size reduction. Dextran molecules are forming globular shape structures when 

dissolved in water with a hydrodynamic radius depending on the molecular weight. 

Fluorescein sodium, FITC-dextrans 4k, 10k, 20k, 40k with hydrodynamic radii (rh) of 0.5 

nm, 1.4 nm, 2.4 nm, 3.3 nm and 4.5 nm, respectively (values given by the provider), are 

used in size-based filtration experiments. As expected, results shown in Figure 5.3 

reveal that the molecular transport across nanoporous membrane is highly dependent 

on the size of the analyte. Fluorescein sodium molecules (rs = 0.5nm) are diffusing 

rapidly across the NSiMs with a mean pore diameter of 10 nm, whereas the diffusion of 

FITC-dextrans 4k, 10k and 20k (rs = 1.4 nm, 2.4 nm and 3.3 nm) is much slower and 

almost completely hindered for FITC-dextrans 40k (rs = 4.5nm). The slopes of these 

curves give an indication on the transport rate of each molecule across the modified 

NSiM. Selectivities of  ̴ 3 and  ̴ 17 have been calculated between the diffusion rate of 

FITC-dextran 10k/fluorescein sodium molecules and FITC-dectran 40k/fluorescein 

sodium molecules. 
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Figure 5.3 Size-based separation of fluorescein sodium, FITC-dextrans using NSiMs with a mean pore size 

of 10 nm in diameter. Plots show the evolution of the concentration in the acceptor chamber versus time 

for fluorescein sodium, FITC-dextrans 4k, 10k, 20k and 40k (hydrodynamic radii of 0.5nm, 1.4 nm, 2.4 

nm, 3.3 nm, 4.5 nm, respectively). 

The hindered diffusion of FITC-dextran 40k, with a hydrodynamic radius close to the 

mean pore radius of the NSiM, becomes more obvious when the diffusion coefficient is 

measured. Table 5.1 shows a summary of the values of the self-diffusion coefficient D0 of 

each molecule calculated with the Stoke-Einstein equation (Eq. 5.11) and the measured 

diffusion coefficient D of each molecule across the modified NSiM. The ratios S0,molecule of 

the self-diffusion coefficient of the smallest molecule used (fluorescein) over the self-

diffusion coefficents of FITC-dextrans 4k, 10k, 20k and 40k were calculated (Eq. 5.12); 

and the ratios Smolecule of the measured diffusion coefficient of the smallest molecule over 

the measured diffusion coefficient of FITC-dextrans 4k, 10k, 20k and 40k across NSiMs 

are also shown (Eq. 5.13). 

𝑆0,𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒 =
𝐷0,𝑓𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑖𝑛

𝐷0,𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒
 (5.12) 
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𝑆𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒 =
𝐷𝑓𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑖𝑛
𝐷𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒

 (5.13) 

Table 5.1 Summary of the self-diffusion coefficient and measured diffusion coefficient of fluorescein 

sodium, FITC-dextrans 4k, 10k, 20k, 40k molecules. 

Molecule 
rh 

nm 

D0 

(x10-10) m2/s 

𝑺𝟎,𝒎𝒐𝒍𝒆𝒄𝒖𝒍𝒆 

 

D 

(x10-13) m2/s 

𝑺𝒎𝒐𝒍𝒆𝒄𝒖𝒍𝒆 

 

Fluorescein 0.5 4.05 1 2.50 1 

FITC-dextran 4k 1.4 1.45 2.80 0.96 2.62 

FITC-dextran 10k 2.4 1.07 3.80 0.80 3.14 

FITC-dextran 20k 3.3 0.81 5 0.61 4.12 

FITC-dextran 40k 4.5 0.45 8.99 0.09 27.78 

The ratios Smolecule are sensibly equal to the ratios S0,molecule for FITC-dextrans 4k, 10k 

and 20k showing no particular hindered diffusion of these molecules across the 

membrane. Whereas for FITC-dextran 40k, SFITC-dextran 40k is 3 fold larger than S0, FITC-

dextran 40k demonstrating an effective blocking of analytes with a hydrodynamic radius 

close to the mean pore radius (5 nm).  
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5.2. Molecular transport across PNIPAM functionalized NSiMs 

The reversibility and reproducibility of the thermo-responsive behavior of the PNIPAM 

modified NSiMs for the controlled diffusion of vitamin B12 molecules will be 

demonstrated integrating PNIPAM COOH 66k and PNIPAM NH2 66k grafted NSiMs into 

the specifically designed diffusion cell and performing the experiments in temperature-

controlled water bath. The “nano-valve” behaviour for the controlled diffusion of 

molecules using PNIPAM COOH 66k grafted NSiMs will also be demonstrated using 

FITC-dextrans of various molecular weights. 

5.2.1 Experimental 

Materials 

PNIPAM COOH 66k and PNIPAM NH2 66k grafted NSiMs according to the grafting 

protocol described in the previous chapter will be used. Vitamin B12 molecules (α-(5,6-

Dimethylbenzimidazolyl)cyanocobamide with a molecular weight of 1355 g/mol) were 

purchased from Sigma-Aldrich (Switzerland). Vitamin B12 was selected for diffusion 

experiments because of the small molecule size (hydrodynamic radius rh = 0.85 nm) and 

because it has been demonstrated that these molecules do not affect the responsiveness 

of PNIPAM brush layers [5,17] Fluorescein-isothiocyanate coupled to dextran polymers 

of various molecular weights (10’000, 20’000, 40’000 and 70’000 g/mol referred as 

FITC-dextran 10k, 20k, 40k and 70k, respectively) were purchased from TdB 

Consultancy (Sweden). Deionized water (18.2 MΩ, Milli-Q, Millipore) was used 

throughout the experiments. 

Molecular transport across PNIPAM functionalized NSiMs 

Diffusion experiments were carried out using the diffusion cell described earlier. The 

whole system integrating PNIPAM grated NSiMs is placed in a temperature-controlled 

water bath and both chambers are stirred continuously, a temperature probe is placed 

in the donor chamber to control and regulate the temperature. The initial 

concentrations were set at 5g/L (3.7 mmol/L) for vitamin B12, 16.7 g/L (1.67 mmol/L) 

for FITC-dextran 10k, 4g/L (0.1 mmol/L) for FITC-dextran 20k and 5g/L (0.07 mmol/L) 

for FITC-dextran 40k. The effective area of diffusion is 1 mm2. The transport rate and 
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the diffusion coefficient of vitamin B12 across the functionalized NSiM is obtained by 

monitoring the increase of the absorbance signal versus time in the acceptor chamber 

with a monochromator spectrophotometer (TECAN Infinite M200, Switzerland) at λ = 

362 nm. For the fluorescent molecules FITC-dextran, the fluorescent signal versus time 

in the acceptor chamber is measured with the same spectrophotometer TECAN Infinite 

M200 in fluorescence mode with the excitation wavelength set at 493 nm and the 

emission wavelength set at 520 nm. Calibration curves were constructed for each 

molecule using a series of standard solutions with different known concentrations in 

order to obtain a correlation between the normalized fluorescent signal and the 

concentration. The diffusion coefficient is deduced from these measurements using 

Fick’s first law of diffusion.  
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5.2.2 Results and discussion 

To quantitatively characterize the thermo-responsive permeability of the membranes, 

Li et al. described the thermo-response factor (Eq. 5.14) of a membrane as the ratio of 

the diffusion coefficient of a molecule across the membrane at a high temperature to the 

diffusion coefficient of the same molecule at a low temperature [2] (in the case of this 

study 50°C and 18°C, respectively). 

𝑅 =
𝐷50
𝐷18

 (5.14) 

According to Chu et al. the obstruction constant (km,T) of a nanoporous membrane (Eq. 

5.15) can be defined as the ratio of the diffusion coefficient of a molecule across the 

membrane at a given temperature (DT) to the self-diffusion coefficient of the same 

molecule at the same temperature (D0,T) [3]. Using this parameter allows for the 

comparison of the diffusional properties of NSiMs before and after grafting, while 

excluding the effect of the variations of the diffusion coefficient due to the temperature. 

In order to calculate the obstruction constant, the self-diffusion coefficient of a molecule 

depending on the temperature is calculated using the Stokes-Einstein equation and the 

viscosity of the medium at a given temperature. Eq. 5.16 describes the viscosity of the 

liquid medium (water) as a function of the temperature, having a direct influence on the 

self-diffusion coefficient of small molecules calculated with Eq. 5.11 [18,19]. Parameters 

A,B and C are constants found in the literature [20] with A=2.414x10-5 [Pa.s], B=247.8 

[K] and C=140 [K]. 

𝑘𝑚,𝑇 =
𝐷𝑇
𝐷0,𝑇

 (5.15) 

CT
B

OH A −×= 10
2

µ  (5.16) 

As mentioned earlier, in all the diffusion experiments, the slopes K of the plots of 

( ) ( )( )[ ]daitaad VVCCVV +−+− 11ln11  versus t (from Eq. 5.8) for different 

temperatures were used to calculate the diffusion coefficient. 
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In Figure 5.4 plots of ( ) ( )( )[ ]daitaad VVCCVV +−+− 11ln11  versus time for the 

diffusion of vitamin B12 at different temperature across a non-functionalized NSiM are 

shown. The plots start at t=300 seconds which corresponds to the time needed for the 

diffusion cell and the solute to reach stability. Figure 5.5 shows the average diffusion 

coefficient of vitamin B12 across a non-functionalized NSiM at different temperatures. 

 

Figure 5.4 Vitamin B12 release plots of ( ) ( )( )[ ]daitaad VVCCVV +−+− 11ln11  versus time at 

different temperatures for a non-functionalized NSiM. 
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Figure 5.5 Thermo-responsive release of vitamin B12 for a non-functionalized NSiM with a mean pore 

size of 85 ± 15nm. 

For the virgin NSiM (uncoated), a thermo-response factor of Rvirgin=4.44 has been 

calculated. The obstruction constants of a non-coated NSiM at 18°C and 50°C were 

calculated to be of km,18=0.00105 and km,50=0.0022, respectively, demonstrating that the 

diffusion of molecules across bare NSiMs is less hindered at high temperatures because 

the self-diffusion coefficient of molecules inside the nanopores is increased. These 

values were used as reference to characterize the influence of the PNIPAM brush layers 

grafted onto the NSiMs during the diffusion of vitamin B12 molecules. 

Figure 5.6 shows the thermo-responsive release of vitamin B12 across PNIPAM COOH 

66k functionalized NSiM. The average thermo-response factor calculated from the four 

cold/hot cycles performed with the same membrane is R=8.46, significantly higher than 

the same factor for a virgin membrane. The average obstruction constants for the 

PNIPAM COOH 66k functionalized NSiM at 18 and 50°C are km,18=0.00063 and 

km,50=0.00223, respectively. The diffusion is slowed below the LCST, but not completely 

stopped. Indeed, the extended brushes of PNIPAM slow the diffusion of small molecules 

such as vitamin B12 but do not entirely stop it. Whereas above the LCST, the diffusion 

coefficient measured (at 50°C) is almost equal to the one of a non-functionalized NSiM, 
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demonstrating that the collapsed PNIPAM brush layer occurs efficiently and do not slow 

the diffusion of molecules. 

 
Figure 5.6 Reversible and reproducible thermo-responsive release characteristics of PNIPAM COOH 66k 

functionalized NSiM. 

The same experiment and calculations were conducted with a PNIPAM NH2 66k 

functionalized NSiM and results are shown in Figure 5.7. The average thermo-response 

factor calculated was found to be R=4.27. The average obstruction constant for the 

PNIPAM NH2 66k functionalized NSiM at 18 and 50°C have been calculated to be of 

km,18=0.00042 and km,50=0.00084, respectively. For PNIPAM COOH 66k below the LCST, 

the diffusion is also slowed compared to non-functionalized NSiMs but not entirely 

stopped. Whereas above the LCST, the diffusion coefficient measured is significantly 

lower than the one of PNIPAM COOH 66k and non-functionalized NSiM. This is 

attributed to a less efficient conformational change of the PNIPAM brush layer from coil 

to globule. Indeed, the NH2 terminated PNIPAM exhibits a significantly higher 

polydispersity index. A wide distribution of molecular weights will affect negatively the 

density of grafting [21–23], and thus the conformational change of the chains. In turn, 

this will impact the diffusion coefficient of molecules below and above the LCST through 

the modified membrane. In consequence, the thermo-response factor is significantly 
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lower than 𝑅 for the PNIPAM-COOH 66k. The results of the diffusion experiments of 

vitamin B12 are summarized in Table 5.2. 

 
Figure 5.7 Reversible and reproducible thermo-responsive release characteristics of PNIPAM NH2 66k 

functionalized NSiM. 

Table 5.2 Summary of diffusion experiments. 

NSiM type 
D18 D50 R km,18 km,50 

10-12 m2/s 10-12 m2/s  10-3 10-3 

No NSiM – self 

diffusion 

(calculated) 

238.40 511.73 2.15   

Virgin NSiM 0.25 1.11 4.44 1.05 ± 0.06 2.40 ± 0.14 

PNIPAM COOH 66k 

funct. NSiM 
0.15 1.14 8.46 0.63 ± 0.25 2.23 ± 0.55 

PNIPAM NH2 66k 

funct. NSiM 
0.10 0.43 4.27 0.42 ± 0.04 0.84 ± 0.12 

In view of the above results, the influence of the solute size on the diffusion through the 

modified membranes was studied extensively on PNIPAM-COOH 66k grafted NSiMs. 

FITC-dextrans of different molecular weights were diffused through a modified 

nanoporous membrane below (18°C) and above (50°C) the LCST. The hydrodynamic 

radii (Stoke radii rs) given by the supplier (TdB Consultancy, Sweden) are considered 

herein as indicative of the size of the molecules (FITC-dextran 10k, 20k, 40k, and 70k 
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have hydrodynamic radii of 2.4, 3.3, 4.5 and 6nm, respectively). Figure 5.8 shows the 

diffusion coefficients below and above the LCST as a function of the hydrodynamic 

radius of the molecule. The values are then compared with the corresponding diffusion 

coefficients obtained for vitamin B12 (rs = 0.85 nm). 

 
Figure 5.8 Measured diffusion coefficients of vitamin B12 and FITC-dextrans of various molecular 

weights as a function of their hydrodynamic radii across a PNIPAM-COOH 66k modified NSiM. The error 

bars are calculated for each data point from the error measured in blank samples on the instrument. A 

clear ON-OFF effect is observed for hydrodynamic radii larger than 2.4 nm. At 20°C, the diffusion from 

these molecules is effectively stopped, while at 50°C, all molecules diffuse through the PNIPAM-COOH 66k 

grafted NSiM. 

From Figure 5.8, below the LCST (20°C), a clear cut-off is observed in the range of 2.4 to 

3.3 nm (radii). Above the LCST (50°C), all molecules tested diffuse through the 

membrane (figure 5.9). 
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Figure 5.9 Schematic representation of PNIPAM modified nanopores with diffusion of all molecules 

above the LCST and diffusion of small molecules only below the LCST. 

This cut-off is relevant for biomedical applications such as temperature-controlled drug 

delivery of pertinent analytes [24]. It might be possible to reduce this cut-off value by 

increasing the PNIPAM molecular weight. Indeed, grafting longer PNIPAM chains will 

increase the physical obstruction inside the nanopores and increase the path length of 

the solute. This latter can be considered for further study based on the nano-valve 

system described in this chapter.  
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5.3. Conclusions 

In this chapter was discussed the molecular transport properties of both NSiMs with 

different mean pore diameters and PNIPAM grafted NSiMs (PNIPAM COOH 66k and NH2 

66k). The modified NSiMs were integrated into a specifically designed diffusion cell. 

We demonstrated the ability to tune the molecular diffusion properties of the NSiMs by 

measuring the diffusion coefficient of fluorescein sodium molecules across NSiMs with 

different mean pore diameters obtained with Atomic Layer Deposition (ALD). The 

diffusion coefficient could be tuned almost by one order of magnitude, from 2x10-13 to 

1.6x10-12 m2/s for the smallest mean pore diameter (10 nm) and the largest mean pore 

diameter (90 nm), respectively. 

Size-based separation experiments were also performed using NSiMs with a mean pore 

diameter of 10 nm and FITC-labelled dextrans molecules of different molecular weights 

with different hydrodynamic radii (from 1.4 to 4.5 nm). The diffusion of FITC-dextran 

40k with a hydrodynamic radius of 4.5 nm close to the mean pore diameter of 10 nm of 

the NSiMs was almost completely hindered. This latter was verified by monitoring the 

transport rate of molecules across NSiMs and by calculating the ratio of the diffusion 

coefficient of the smallest molecule (fluorescein sodium) over FITC-dextran 40k being 3 

fold larger than the ratio of the self-diffusion coefficients of the same molecules. 

Finally, PNIPAM COOH 66k and NH2 66k grafted NSiMs were used in diffusion 

experiments. The reversibility and reproducibility of the thermo-responsive behaviour 

were demonstrated by measuring the diffusion coefficient of vitamin B12 across 

different functionalized NSiMs at different temperature. A thermo-response factor as 

high as 8 has been measured for PNIPAM COOH 66k grafted NSiMs. Diffusion 

experiments with FITC-dextrans of different molecular weights demonstrated the 

temperature-controlled nano-valve behaviour of the PNIPAM COOH 66k functionalized 

NSiMs for all molecules above 3 nm in hydrodynamic radius. These results combined 

with the reversible behaviour of the modified membrane raise the possibility of using 

them as temperature controlled drug-release devices.  
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Chapter 6  

Conclusion and Outlook 

This thesis work aimed at fabricating functional and responsive nanoporous silicon 

nitride membranes that can be used as “smart” nano-valves for the controlled diffusion 

of molecules. 

First a brief state of the art about the different types of nanoporous membranes and 

their fabrication methods was presented with detailed description of their 

specifications, advantages and disadvantages. From the information gathered and 

reviewed the choice of material and fabrication method was made. Because of its 

excellent mechanical and chemical stability, silicon nitride appeared as an obvious 

choice, allowing the fabrication of ultrathin nanoporous membranes with high 

mechanical strength and high throughput. In addition silicon nitride is compatible with 

the MEMS manufacturing technologies in clean room environment, and is well-known to 

be an excellent base chemistry for further functionalization with a wide variety of 

reactive groups. The fabrication method chosen involved a combination of block 

copolymer lithography and conventional microfabrication techniques. The 

nanopatterning of large scale surface (4 inches wafer) with diblock copolymer reverse 

micelles is an extremely low-cost technique allowing to generate a nanopattern in less 

than a minute. In addition the specifications of the nanoscale pattern (e.g. density, 

feature size, micelle interspace) can be tuned by varying several parameters such as the 

blocks molecular weights, the micellar concentration and the spin-coating speed during 

the deposition process. 

In chapter 2 was described the full fabrication process flow of NSiMs at large-scale 

combining block copolymer lithography and conventional microfabrication techniques. 

Each fabrication step has been optimized in order to make this process robust and 

reliable. The mean diameter of the PS-P2VP block copolymer micelles used as 
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templating structure reflects the mean diameter of the nanopores in the suspended low 

stress silicon nitride layer. The final nanoporous structure is obtained by performing a 

reliable pattern inversion of the micellar template into a metallic hard mask (lift-off) 

and pattern transfer into the underlying silicon nitride layer (RIE). The ability to tune 

the specifications of the starting micellar template has been demonstrated, therefore 

the ability to tune the porous structure parameters. One specific micellar system has 

been chosen and the nanopores in the final 200 nm thick suspended structure exhibit a 

narrow diameter and size distribution of 85 ± 15 nm and a nanopore density of 3.109 

pores/cm2. Standard photolithography was used to define the active areas of the 

nanoporous membranes, and square suspended structure with a side length as large as 

2.5 mm has been achieved, exhibiting a total active area of 5.76 mm2. Efforts were made 

in this fabrication process especially for the membrane release which is a high risk step 

impacting the final fabrication yield. If mass production is envisaged, several 

photolithographic mask could be prepared, each with a unique membrane size. This 

latter would add homogeneity in the fabrication process, especially for the DRIE of 

silicon (360 µm) for the membrane release. Indeed, apertures of different side length on 

the same wafer could present different etching depth. Also, several micellar systems 

exhibiting different mean feature size could be identified to potentially cover the full 10-

100 nm range (typically mean feature size of 20, 50, 80, 100 nm) and used for the 

fabrication of nanoporous membranes. 

Chapter 3 mostly focused on the final characterization of NSiMs in terms of nanopore 

opening and mechanical strength. First, three different techniques were used and 

compared to characterize the full opening of the nanopores. Atomic Force Microscopy 

(AFM) allowed determining the opening of the nanopores by scanning the front side and 

the backside and comparing the nanopore density per surface area measured. Scanning 

Transmission Electron Microscopy (STEM) and Transmission Electron Microscopy 

(TEM) allowed visualizing the full opening of the nanopore by collecting the transmitted 

electrons through the nanopores. All the techniques allowed measuring a mean pore 

diameter in good agreement with the mean micelle diameter of the starting micellar 

template. However, only AFM and TEM allowed characterizing precisely the nanopore 

profile which appeared to be vertical, confirming the reliability of the etching process 

used to create vertical nanopores. Second, the mechanical properties of porous and non-
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porous suspended membranes such as the Young’s modulus and the residual stress 

were obtained using the bulge technique. The maximum pressure the membranes can 

withstand was also measured, and the increase of the mechanical strength of the 

suspended nanoporous layer has been demonstrated by reducing the square membrane 

side length and increasing the membrane thickness. However the values obtained for 

nanoporous membranes are effective values for the whole suspended structure, the 

influence of the non-porous suspended frame was not studied. Future work can be done 

in this direction by changing the width of the non-porous suspended frame and measure 

its influence on the overall mechanical strength. Buckling of ultrathin suspended square 

membrane has also been observed when fabricating nanoporous and non-porous super 

low stress silicon nitride membrane. Flattening of both membranes types was achieved 

by depositing a tensile-stressor overlayer of Al2O3 by ALD to reach an overall tensile 

stress of the composite structure superior to the minimum critical tensile stress 

necessary to avoid buckling. 

In Chapter 4 was presented the surface modification of NSiMs in terms of pore size 

reduction using Atomic Layer Deposition (ALD) and by grafting thermo-responsive 

polymer poly(N-isopropylacrylamide) (PNIPAM). First, the pore size reduction and 

induced modification of the surface chemistry has been achieved by depositing in a 

conformal way Al2O3 by ALD. We observed the successful pore size reduction using TEM 

and characterized the resulting surface chemistry by X-ray Photoelectron Spectroscopy 

(XPS). The ability to tune the pore size after fabrication of NSiMs has therefore been 

demonstrated. However, efforts could be made to observe the modified nanopores in 

cross sectional view in order to confirm the conformal deposition of material along the 

sidewalls. Indeed, this latter would allow determining if the gas precursors used in the 

pore size reduction process successfully enter the nanopores depending on their size. 

Second, the successful grafting of different end functionalized PNIPAM chains using the 

grafting to in melt technique has been demonstrated. This grafting procedure is 

performed above the glass transition temperature of the polymer, allowing a better 

access of the polymer chains to the functional surface for covalent grafting. The 

successful grafting has been confirmed using XPS and by detecting the typical 

fingerprint of the amide groups composing the backbone of the PNIPAM chains. In 

addition, the characteristics of the grafted PNIPAM layers such as the grafting density, 
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the theoretical chain length, and the distance between grafting sites were obtained from 

the ellipsometric measurement of the dry PNIPAM films. The brush layer conformation 

of the PNIPAM chains has been confirmed from these measured parameters. Future 

work could be done to develop a technique that will allow determining if PNIPAM 

chains were grafted inside the nanopores. This latter could be performed by grafting 

PNIPAM chains functionalized with fluorescent dyes onto NSiMs, and observation with 

high resolution confocal microscopy could be used to determine if PNIPAM chains are 

grafted along the nanopores sidewalls by scanning different focal planes to screen the 

whole thickness of the suspended membrane. However, nowadays the Z-resolution 

available is in the range of 500 nm, making this technique not suitable for ultrathin 

nanoporous membranes. It has been previously reported that TEM can be used to 

observe the grafting polymer, therefore a TEM cross sectional analysis of the PNIPAM 

functionalized NSiMs could be used to observe the grafting along the nanopores. Finally, 

the thermo-responsive behavior of the grafted PNIPAM brush layers has been 

confirmed by performing nano-indentation and AFM analysis in liquid environment. 

PNIPAM COOH 66k demonstrated the best ability to switch from a swollen to collapsed 

state because the successful morphological change operates when a good compromise is 

found between the grafting density and the length of the chains. All the PNIPAM grafted 

NSiMs (COOH 66k, NH2 66k and NH2 50k) were used in cell detachment experiments 

where only NSiMs functionalized with long chains (COOH 66k and NH2 66k) were able 

to detach the cells from the surface when lowering the temperature below the Lower 

Critical Solution Temperature (LCST). From these experiments, the stronger conformal 

morphological change of the brush layer from swollen to collapsed state was observed 

for PNIPAM COOH 66k and NH2 66k functionalized NSiMs. Regarding the experiments 

performed to observe the conformational morphological change of the PNIPAM brush 

layers from swollen to collapsed state upon temperature variation, efforts could be 

made to attenuate the electrostatic interactions when performing the nano-indentation 

by modifying the surface chemistry of the nanoindenter probe or by performing the 

experiment in a high ionic strength solution that will screen the long range electrostatic 

repulsions between the probe and the surface indented. Also, a wide variety of PNIPAM 

with different chain length could be grafted in the same conditions. This latter will allow 

identifying the influence of the polymer molecular weight on the grafting density using 
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the grafting to in melt technique, and therefore identify the minimal conditions (grafting 

density, chain length) at which the conformational morphological change operates. 

In the last chapter, NSiMS with different mean pore diameters and PNIPAM grafted 

NSiMs were integrated into a specifically designed polycarbonate microfluidic cell. This 

allowed characterizing the molecular transport properties of the different NSiMs. The 

ability to modify the diffusional properties of NSiMs by reducing the mean pore size has 

been demonstrated. The diffusion coefficient of fluorescein sodium molecules across 

NSiMs could be tuned by almost one order of magnitude from a mean pore diameter of 

90 nm to a minimum pore diameter of 10 nm. Size-based separation experiments were 

also performed using NSiMs with a mean pore diameter of 10 nm and FITC-labelled 

dextrans molecules of different molecular weights. The diffusion of FITC-dextran 40k 

with a hydrodynamic radius of 4.5 nm close to the mean pore diameter of 10 nm of the 

NSiMs was almost completely hindered. Finally, PNIPAM COOH 66k and NH2 66k 

grafted NSiMs were used in diffusion experiments. The reversibility and reproducibility 

of the thermo-responsive behaviour were demonstrated by measuring the diffusion 

coefficient of vitamin B12 across different functionalized NSiMs at different 

temperatures. A thermo-response factor as high as 8 has been measured for PNIPAM 

COOH 66k grafted NSiMs. Diffusion experiments with FITC-dextrans of different 

molecular weights demonstrated the temperature-controlled nano-valve behavior of 

the PNIPAM COOH 66k functionalized NSiMs for all molecules above 3 nm in 

hydrodynamic radius. Future work can be conducted to reduce the cut-off value of the 

“smart” nano-valves when the nanopores are supposedly closed. Indeed, small 

molecules still diffuse through the swollen PNIPAM brush layer. Therefore, the grafting 

of PNIPAM with a higher molecular weight would increase the physical obstruction 

inside the nanopores and increase the path length of the solute. Also, electrostatic 

interactions between the solute and the surface of the NSiMs do exist but were not 

considered in all the diffusion experiments. Performing these experiments with a high 

ionic strength solution would allow screening the long range interactions and reduce 

the Debye length by almost two orders of magnitude. Efforts could be made in future 

work to develop a new grafting chemistry allowing the covalent grafting of PNIPAM 

brush layers onto NSiMs processed with the pore size reduction technique which are 

presenting a different surface chemistry (Al2O3) from standard NSiMs (SiN). 
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The inconvenient controlled temperature set up used in all the diffusion experiment 

(water bath and heating plate) to observe the controlled diffusion of molecules through 

PNIPAM functionalized NSiMs needs to be improved. Typically, efforts could be made to 

develop a fully integrated system allowing the local heating of NSiMs. To do so, heating 

lines, typically made of platinum, could be evaporated on the surface of NSiMs. This 

would involve the modification of the fabrication process by adding a photolithographic 

and lift-off step to pattern the heating lines on the frontside of the wafer. Also, 

simulation using finite element method software would be necessary in order to 

determine the design properties of the heating lines, typically the width and thickness 

necessary to allow a sufficient local heating of the suspended membranes. Finally, a 

modification of the polycarbonate microfluidic cell would be necessary to integrate 

electrodes that would be in contact with the heating lines and would allow powering the 

whole device.  

Recently, second generation filtration systems integrating NSiMs were designed and 

fabricated at CSEM. A 2 mL centrifugal tube (Appendix A.1) and a tangential flow 

filtration device (Appendix A.2) were used for small scale lab filtrations, such as size-

based separations and sample concentration for diagnostics application. The promising 

preliminary results obtained when using these prototypes fluidic devices show that 

efforts should be pursued in integration to evaluate the full potential of NSiMs for bio- 

and med-tech applications. 

Finally NSiMs can also be considered for sensing applications. Suitably modified thick 

membranes offer increased surface affinity area and enhanced output sensing signals, 

which make them increasingly attractive as biosensing platforms. Combined with 

various detection techniques, nanoporous membrane-based biosensors have 

advantages, including rapid response, high sensitivity, and reusability. For example, the 

Dutch company Pamgene incorporated nanoporous membranes in its kinase activity 

arrays [1]. Moreover, enhanced response times have been observed by controlling the 

transport of analytes through nanopores. The biosensing capabilities of the flow-

through format have been proved through the detection of relevant biomarkers and 

viruses [2,3].  
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Appendix 

A.1 Centrifugal tube integrating NSiMs 

Specifically designed polycarbonate tubes integrating NSiMs that can be inserted into 

standard commercially available centrifugal eppendorf were successfully fabricated. 

These devices can be used for small scale lab filtrations, such as size-based separations 

and sample concentration. 

A similar device integrating pnc-Si nanoporous membranes has been reported and 

patented by Simpore, Inc. in 2011 (WO2011041671A1) and is commercially available. 

However, in contrast to our design these devices are fully integrated and cannot be 

disassembled. Being able to disassemble the whole device raise the possibility of 

reusing the integrated membrane and therefore reduce the costs for small scale lab 

filtration experiments.  

 
Figure A.1.1 Standard commercially available 2 mL centrifugal tube in which a specifically designed tube 

integrating NSiMs and the solution of  interest can be sled in. 

The driving force allowing the transport of solute across NSiMs in such device is the 

centrifugal force. Nanoporous membranes have an inherent difficulty of passing a fluid 

from one side to another. As described by Simpore, Inc. in their patent, it requires an 
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enormous amount of force for the fluid to navigate to the nanopore exit. Typically for 

nanopores with a diameter of 30 nm and a thickness of 15 nm, it would require a 

pressure of 100 atm to allow water to pass through the nanopores. This kind of 

enormous pressures cannot be supported by ultrathin suspended NSiMs, even with the 

great mechanical strength of silicon nitride. The patent from Simpore, Inc. describes a 

method to facilitate the fluid flow through nanoporous membranes by wetting the 

backside of the membranes to initiate the fluid flow. In our device, no pre-wetting 

chamber at the back side of the membrane was designed to initiate the fluid flow. 

Therefore, only microporous membranes fabricated using standard UV 

photolithography and that do not need any pre-wetting could be used with these 

centrifugal tubes for filtration experiments. 

A.2 Tangential flow filtration device integrating NSiMs 

In tangential flow filtration, the majority of the solute travels tangentially to the surface 

of the membrane rather than into the membrane (Figure A.2.1). Therefore the filtration 

process is slowed down but the tangential flow decreases the fouling of the nanoporous 

membrane by washing away the surface and applies less pressure onto the membrane. 

 
Figure A.2.1 Schematic representation of the tangential flow filtration process. 

In order to increase the volume of solution to be filtrated and reduce the amount of 

force necessary to allow the transport of solute across the NSiMs, a tangential flow 

filtration system has been designed and fabricated at CSEM (Figure A.2.2 a)). This 

system including a turbisc micropump and a specifically designed fluidic cell integrating 

NSiMs with a backside pre-wetting chamber allowed the continuous filtration of solute 

with a volume from 2 to 100 mL (Figure A.2.2 b)). Preliminary results show that the 

filtrate flux through the membranes compares favorably to available data from 

commercially available systems. Microporous membranes (pore diameter 1µm) reached 
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permeate flux of 1380 L/m2/h (LMH) while nanoporous membranes (pore diameter 

85nm) exhibited filtrate flux of 150 LMH. As a comparison, typical permeate flux for 

microfiltration using Pellicon (Millipore) devices are in the range of 10 to 100 LMH 

(source: http://www.millipore.com/catalogue/module/c613#0). 

 
Figure A.2.2 Images of a) the whole tangential flow filtration device and b) zoom in on the cell 

integrating NSiMs with a pre-wetting chamber on the backside of the membrane facilitating the transport 

of the solute. 
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